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MODELISATION  DES  FOYERS  DE  TURBOREACTEURS  :  POINT  DE  VUE  D'UN  MOTORISTE 

Ph.  GASTEBOIS 

Chef  du  Departement  "COMBUSTION" 


S.N.E.C.M.A 
Centre  de  Villaroche 
77550  MOISSY  CRAMAYEL  -  FRANCE 


0  -  RESUME 


La  modelisation  des  foyers  de  turboreacteurs  doit  repondre  a  deux  objectifs  : 

-  d'une  part  1 'optimisation  des  foyers  orientee  a  I'heure  actuelle  vers  la  reduction  des  emissions 
polluantes  mais  qui  peut  s’orienter  vers  1 'optimisation  des  performances  de  stabilite  ou  de 
reallumage,  et  qui  doit  considerer  les  caracteristiques  du  systeme  d'injection,  de  la  zone  pri- 
maire  et  de  la  dilution. 

-  d'autre  part  la  prevision  des  performances  des  foyers  en  projet  qui  doit  permettre  de  prevoir 
le3  caracteristique i  des  temperatures  de  sortie,  des  temperatures  de  paroi  et  des  emissions 
polluantes. 

Pour  r6pondre  a  ces  deux  objectifs,  le  motoriste  souhaite  deux  types  do  modelisation,  l'une  simplifies 
pour  estimer  les  performances,  1 'autre  plus  approfondie  pour  optimiser  1 'architecture  des  foyers. 

Dans  les  deux  cas  une  meilleure  connaissance  des  phenomenes  physiques  (rayonnemont,  transferts,  cine- 
tique  chimique),  grace  a  des  mesures  perfectionnees  est  indispensable. 


1  -  INTRODUCTION 


La  conception  des  foyers  de  turboreacteurs  est  restee  pendant  de  ncmbrouses  annees  un  "art"  pour  lcquol 
l'ingenieur  mettait  a  profit  l'experienco  acquisc  ot  la  reflexion  fondeo  sur  des  idces  simpl.es  pour 
approcher  les  resultats  rechercheo  par  etapes  et  modifications  succcssives. 

Neanmoins,  il  est  apparu  assez  rapidement  la  necessite  do  pr6voir  les  performances  des  chambros  de 
combustion  en  projet.  Des  otudes  nombreuses  ont  eto  entreprisos  pour  tenter  par  oxemple  de  prevoir  lo 
profil  radial  des  temperatures  de  sortie,  le  rendement  do  combustion  ou  les  temperatures  de  paroi  du 
foyer  en  utilisant  des  modeles  aerodynamiques  et  thermiques  simples. 

Cette  tondance  s'est  accrue  d'autant  plus  que  le  coflt  des  essais  partiols  s'est  elove  avec  1 'augmenta¬ 
tion  des  niveaux  do  pression  ot  de  temperature  a  1 'entree  des  foyers. 

La  recherche  du  compromis  necessairo  pour  tenir  compto  simultanement  des  contraintes  de  performances 
classiques  et  des  contraintes  do  pollution  a  conduit  on  outre  a  rechorchor  a  priori  une  optimisation  do 
1 'architecture  des  foyers  grace  a  une  modelisation  de  l'ensemble  du  tube  a  flammo  faisant  intorvenir 
des  modeles  plus  perfoctionnes  integrant  les  phdnomenes  de  cinfetique  chimiquo  ot  de  turbulence. 


2  -  OPTIMISATION  DES  FOYERS  GRACE  A  LA  MODELISATION 

Les  contraintes  do  reduction  des  emissions  d'especes  polluantes  par  les  chambres  do  combustion  princi- 
palcs  des  turboreacteurs  ont  conduit,  soit  a  reconsiderer  1 'architecture  des  foyers  classiques  on  vue 
d'optimiser  la  repartition  de  1'air  entre  les  diff6rontes  zones  du  foyer  et  d'utiliser  au  mieux  le 
volume  dirponible,  soit  a  concevoir  des  foyers  a  injection  otagee  ou  k  geometric  variable  pour  lesquels 
il  importe  de  connattre  la  meilleure  repartition  do  l'air  et  du  carburant  -  Fig.  1. 

La  modelisation  des  foyers  s'est  revelee  6tre  1' instrument  indispensable  a  une  telle  optimisation. 

Les  difficultes  rencontrees  pour  modeliser  les  foyers  de  turboreacteurs  proviennent  de  la  necessite  de 
tenir  compte  simultan&nent  des  phenomenes  de  melange  turbulent  et  des  evolutions  chimiques. 

De  plus,  il  faut  en  outre  pour  s'approcher  des  foyers  reels  decrire  la  repartition  spatiale  et  1 'evapo¬ 
ration  du  combustible. 

Une  premiere  etape,  simple  et  neanmoins  d6ja  trds  utile  pour  le  motoriste,  consiste  a  supposer  que  les 
temps  de  melange  et  de  vaporisation  sont  negligeables  par  rapport  au  temps  chimique.  Le  foyer  peut 
alors  etre  modelise  par  un  assemblage  de  foyers  homogenes  (Ref.  1,  2).  On  pourra  concevoir  par  exeraple 
d'uhe  part  une  modelisation  de  la  zone  primaire  permettant  de  connaitre  1 'evolution  des  indices  d'emis- 
sion  a  la  sortie  de  la  zone  primaire  en  fonction  des  parametres  aerothermodynamiques  et  de  la  richesse 
de  fonctionnement  et  d'autre  part  unt  modelisation  de  la  zone  de  dilution  qui  joue  un  role,  essentiel 
dans  le  processus  de  combustion  merae  dans  les  conditions  du  regime  ralenti  ou  se  forme  la  majeure 
partie  du  monoxyde  de  carbone  et  des  hydrocarbures  imbrflles. 

La  zone  primaire  est  modelisee  par  un  assemblage  de.  foyers  homogenes  en  introduisant  une  recirculation 
de  gaz  brQles  dans  au  moins  un  des  foyers  homogenes  (PSR)  encore  appeles,  foyers  parfaitement  melanges. 

Toutefois  pour  mieux  approcher  les  performances  du  foyer,  il  est  souhaitable  d'mclure  un  "reacteur 
piston"  (PFR)  pour  modelisbr  1 'evolution  des  gaz  recirculants. 


1-2 


La  zone  de  dilution  est  rcprfisentee  par  un  reacteur  piston  qui  peut  ,1'ailleurs  egalement  etre  simule 
par  une  suite  de  reacteurs  homogenes  de  faifcla  volume  unitaire  -  Fig.  2  et  3- 

S'il  est  vrai  que  1 'amelioration  de  la  qualite  de  la  pulverisation  par  adoption  d'injecteurs  aerodyna- 
miques  a  permis  de  se  rapprocher  sensiblement  du  cas  ou  les  temps  de  melange  et  de  vaporisation  sont 
faibles,  les  phenomenes  de  melange  ne  peuven.t  etre  completement  negliges  et  nous  pensons  que  la  notion 
de  foyers  "bien  melanges"  (W.S.R)  dans  lesquels  le  carburant  et  l'air  sont  melanges  rapidement  mais 
pas  instantanement  constitue  une  etape  susceptible  d'apporter  des  ameliorations  notables  (Ref.  3,  4,  5). 

L'un  des  avantages  de  ces  modeles,  hormis  une  certaine  simplicite  est  que  l-'ingenieur  peut  a  partir  de 
considerations  physiques  simples,  d'estimations  ou  de  mesures  du  temps  de  sejour  dans  le  foyer,  deter¬ 
miner  les  volumes  de  chacun  des  foyers  homogenes  entrant  dans  le  modele  ;  il  controle  done  relativement 
bien  1 'exactitude  des  hypotheses  d'entree  dans  le  modele. 

Dans  le  but  d'optimiser  1 'architecture  des  foyers,  1 ' introduction  des  parametres  relatifs  a  l'injection 
et  notammeht  ceux  relatifs  a  la  repartition  du  carburant  i’ans  la  zone  primaire  n'est  sans  doute  pas 
fondamentale  dans  une  premiere  etape.  Neanmoins,  si  1'on  veut  pa.-  exemple  s'interesser  aux  hydrocarbu- 
res  imbrQles  ou  a  la  formation  des  fumees,  il  faudra,  nous  semble-t'il  tenir  compte  effectivemont  de 
ces  parametres  et  modeliser  alors  de  faqon  detaillee  les  processus  de  melange,  d'evaporation  du  combus¬ 
tible  ainsi  que  les  premieres  etapes,  de  decomposition  et  de  combustion  du  carburant. 

La  schematisation  par  foyers  homogenes  "parfaitement  melanges"  ou  meme  "bien  melanges"  sera  alors 
insuffisante  et  une  modelisation  tridimensionnelle  plus  complete  sera  alors  necessaire.  Le  degre  de 
complexite  auquel  on  est  alors  conduit  rend  ces  methodes,  a  notre  avis,  d'un  emploi  systematique 
difficile  dans  1'industrie. 

L'optimisation  des  foyers  de  rechauffe  qui  constitue  egalement  un  objoctif  essential  pour  le  raotoriste 
est  accessible  par  une  modelisation  appropriee  de  la  zone  de  recirculation  creee  par  1 'accroche-flamme, 
et  de  la  propagation  du  front  de  flamme  turbulent  se  developpant  on  aval  de  1 'accroche-flamme  -  Voir 
Fig.  4. 

Cette  modelisation  doit  permettre  d'optimiser  le  nombre  d'accroche-flammes  afin  d'obtenir  le  rendement 
de  rechauffe  demande  avec  une  longueur  de  canal  minimale  tout  en  satisfaisant  aux  cri teres  de  stabilite 
et  de  perte  de  charge. 

La  encore,  deux  stades  do  complexite  peuvent  <Stro  cor.sideres,  d'une  part  un  modele  de  combustion  oil  l'on 
fait  l'hypothoso  que  l'air  et  le  carburant  sont  preirOanges  en  amont  des  accrocho-flammes,  d'autre  part 
un  modele  plus  sophistiquo  ou  l'on  prond  en  compte  les  phencmenes  de  melange  et  d’evaporation  du  combus¬ 
tible. 

Les  methodes  do  calculs  compldtos  couplant  les  mod£los  aerodynnmiques  turbulents  aux  modeles  do  cineti- 
que  chimiques  sont  sans  doute  los  seules  dans  co  Cas  suscoptibles  do  permettre  cetto  optimisation. 


3  -  MODELISATION  DES  FOYERS  EN  PRO.IET 


L'architecture  generale  du  foyer  etant  dofinio,  soit  a  partir  do  1 'experience  anterieuro,  soit  a  partir 
do  l'optimisation  par  le  calcul,  il  reste  au  motoriste  a  preciser  le  dimensionnement  du  foyer  et  a 
calculer  grace  a  des  modeles  appropries  les  performances  du  foyer,  telles  que  : 

-  repartition  do  1'aii  dans  les  differentes  zones, 

-  pertes  do  charge, 

-  temperatures  de  paroi  dans  divers  cas  de  fonctionnement, 

-  performances  de  stabilite, 

-  repartition  des  temperatures  de  sortie,. 

-  estimation  q.-s  performances  de  pollution. 

Pour  chacun  de  ces  modeles,  le  motoriste  est  confronts  a  deux  prbbldmes  ;  d'une  part  ii  doit  choisir  le 
niveau  de  comnlexite  auquel  il  va  s'arrgtor  pour  rendre  compte  avec  un  degre  de  confiance  satisfaisant 
des  performances  du  foyer  j  d'autre  part,  il  doit  dans  tout  modele  rentrer  un  certain  nombre  de  donnees 
initiates  ou  de  coefficients  empiriques  qu'il  est  parfois  difficile  de  connaltrs  a  priori. 

Pour  exemple,  dans  le  calcul  de  la  repartition  des  debits  d'air  dans  le  tube  a  Slamrae,  outre  la  geome- 
trie  du  tube  a  flamme  et  des  orifices  on  pourra  ou  non  tenir  compte  des  profils  de  vitesse  et  do  pres- 
sj’jn  a  la  sortie  du  diffuseur,  on  pourra  calculer  ou  non  1'ecoulement  autour  de  la  tSte  de  chambre  pour 
intrudui'-a  les  profits  de  pression  et  de  vitesse  entre  tube  &  flamme  et  carters,  etc.  mais  il  faudra 
dans  tons  lea  cas-entrer  les  coefficients  de  debit  des  orifices  et  parfois  les  profils  initiaux  s'ils 
sont  pris  en  compte. 

Ce  programme  pourra  £tre  couple  avec  un  modele  de  combustion  plus  ou  moins  simplifie  afin  de  calculer  la 
repartition  des  debits  d'air  en  combustion. 

L' experier.ee  acquise  nous  a  montre  que  des  variations  geomotriques  de  detail  pouvaient  avoir  des  conse¬ 
quences  importantes  sur  telle  ou  telle  performance  et  ceci  nous  incite  a  penser  que,  meme  des  modeles 
-tr6s  sophistiques  auront  beaucoup  do  peine  a  permettre  des  previsions  quantitotives  tres  precises. 

C'est  done,  ra&me  au  niveau  du  developpement  du  foyer,  principal.ement  pour  prevoir  l'effet  d'une  varia¬ 
tion  de  tel  ou  tel  pararaetre,  le  resultat  de  telle  ou  telle  modification,  ou  recherchcr  quelle  modifi¬ 
cation  permettrait  d'atteindre  tel  objectif,  que  io  constructeur  utilisera  la  modelisation  des  foyers. 
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Citons  par  exemple  l'importance  relative  des  echanges  par  rayonnement  ot  convection  dans  l'equilibre 
thermique  des  parois  du  foyer,  la  modification  du  profil  radial  d'un  foyer  par  modification  des  per- 
gages  de  dilution  etc. 

Une  methode  seduisante  pe'rmettant'  d'aboutir  au  degre  de  complexite  minimal,  consiste  a  partir  d'une 
modelisation  tres  sophistiquee,  prenant  en  compte  dans  la  mesure  du  possible,  tous  les  phenomenes  aero- 
thermochimiques,  puis  a  rechercher  quelles  simplifications  peuvent  etre  realisees  sans  remettre  en 
cause  le  resultat  final. 

Cette  technique  est  employee  dans  la  modelisation  des  phenomenes  de  cinetique  chimique  pour  lesquels 
l'ingenieur  peut  reconnoitre  sans  difficultes  les  reactions  tres  rapidcs  des  reactions  lentes  et 
etablir  des  modeles  "a  equilibre  partiel"  ou  "a.etat  quasi  stationnaire". 

Son  emploi  sera  certainement  utile  dans  les  modeles  aerothermodynamiques  tridimensionnels  pour  lesquels 
les  temps  de  calculs  sont  tres  longs  et  peu  compatibles  avec  une  utilisation  frequente  comme  peut  en 
avoir  besoin  lc  constructeur. 

La  connaissance  des  valeurs  initiales  des  variables  d'entree  dans  les  problemes  de  combustion  turbu- 
lente  d'un  melange  nir-carburant  liqeide  reste  un  des  problemes  importants  ;  on  effet,  plus  la  modeli¬ 
sation  des  phenomenes  de  melange  turbulent  est  poussee  plus  l'acces  aux  parametres  d'entree  est  diffi¬ 
cile.  Ceci  est  d'autant  plus  vrai  quo  l 'on  s'eloigne  des  montages  experimentaux  de  recherche  pour 
s'interesser  aux  foyers  reels  des  turbomachines. 

Un  effort  particulier  doit  done  etre  porte  sur  les  techniques  de  mesure,  d'une  part  pour  acquerir 
experimcntalement  les  donnees  de  base  necessaires  au  calcul  mais  aussi  d'autre  part  pour  n'introduire 
dans  les  modeles  quo  des  parametres  auxquels  on  sait  avoir  acces  ou  dont  l'ordre  de  grandeur  est  sul'fi- 
samment  bien  connu. 

Le  motoriste  est  evidemment  tres  mefiant  devant  des  modeles  tres  elabores  pour  lesquels  certaines 
"variables"  sont  choiaies  en  fonction  de  chaqtie  cas  d'application  pour  que  le  calcul  recoupe  1* expe¬ 
rience  sans  que  les  lois  ou  les  regies  dofinissant  ces  variables  soiont  bien  connues. 


It  -  ETAT  ACTUEL  A  LA  SNECMA 


Nous  ne  decrirons  pas  ici  lc  contonu  des  modelisations  utilisees  a  la  SNECMA  mais  tonterons  plutSt  de 
ddcrire  le  processus  de  conception  et  de  mise  au  point  dos  foyers  pour  mettre  en  evidence  les  roussites 
et  les  lacunes  des  modeles  proposes  ainsi  quo  l'enorme  travail  qui  reste  a  fairo. 

Connaissant  les  conditions  do  fonctionnement  ot  los  performances  du  foyer  rochorchees,  le  motoristo  va, 
a  partir  d'un  certain  nombre  do  critere3  deduits  soit  do  1 'experience  anterieure  soit  dos  resultats  des 
etudes  d'optimisation  dont  nous  avons  parlo,  so  fixer  une  repartition  des  ddbits  d'air  dans  la  zone 
primaire,  la  zone  de  dilution,  les  films  de  rofroidissemont,  lc  systems  d' injection  ... 

Un  modole  de  calcul  aerothermodynamiquo,  avec  un  schema  de  combustion  simplifid  va  permottre  do  calculer 
les  pergages  du  tube  a  flamrae  pour  obtenir  les  caractcristiques  recherchecs. 

Un  programme  do  calcul  inverse,  permottant  a  partir  de  donndes  goomotriquos  du  tube  a  flamme  de  calculer 
la  repartition  des  debits  d'air  dans  chacuue  des  zones  du  foyer  ainsi  quo  sa  perto  do  charge  sort  do 
base  aux  modifications  eventuelles  sur  colui-ci. 

Des  modeles  de  calcul  de  "performances"  peuvent  8tro  alors  utilises.  Ceux  quo  nous  presentons  sonv  soit 
operationnols,  soit  en  cours  de  mise  au  point,  soit  objot  de  recherches  en  vue  do  leur  elaboration. 

Un  modole  do  calcul  des  temperatures  d<<  paroi  des  foyers  rtfroidis  par  convection,  film-cooling  ou 
muitiperforation  perraot  do  provoir  los  temperatures  do  paroi  en  fonction  des  divorses  conditions  de 
fonctionnement  ot  de  s'assurer  de  la  tenue  thermique  et  de  la  duree  de  vio  du  tube  a  flamme.  Toute 
recherche  aboutissant  a  une  meil.eure  connaissance  des  caracteristiques  de  rayonnement  des  flammes 
ainsi  que  la  description  des  phenomenes  d' interaction  couche-limite-jets  transversaux  permettra  de 
perfectionner  ce  type  de  modelisation. 

Un  modele  de  calcul  de  la  repartition  des  temperaturos  de  sortie  du  foyer  est  particulierement  utile  au 
motoriste  puisqu'il  lui  permet  d'adapter  la  repartition  des  pergages  de  dilution  du  tube  a  flamme  afin 
d'obtenir  le  profil  radial  necossaire  a  la  tenue  thermique  de  la  turbine.  Les  etudes  portant  sur  le 
melange  des  jets  turbulents  et  sur  los  methodes  de  calcul  tridimensionnelles  permettront  d'affiner  les 
modoles  existants. 

Enfin,  essentiellement  dans  le  domaine  des  moteurs  civils,  la  prevision  des  niveaux  de  pollution  peut 
etre  effectueo  grace  a  un  modele  de  calcul  faisant  appel  soit  a  1 'assemblage  de  foyers  homogenes,  soit 
a  une  modelisation  globale  tridimensionnelle.  Dans  ce  domaine  les  recherches  fondamentales  concernant 
la  formation  des  polluants  (CO,  IIC,  NOx,  fumees)  sont  indispensables  concurremment.  avec  le  developpe- 
ment  des  techniques  de  calcul,  afin  d'une  part  de  mieux  decrire  les  otapes  do  combustion  du  produit 
complexe  qu'est  le  kerosene,  d'autre  part  de  mieux  connaitre  les  constantes  de  vitesse  de  reaction  dans 
une  large  gamme  de  temperature. 

Nous  pensons  qu'une  modelisation  basee  sur  1 'assemblage  de  foyers  homogenes  (PSS)  ou  bien  melanges  (WSR) , 
constituo  une  base  de  depart  interessante  puisqu'elle  permet  d'envisager  des  assemblages  dont  la  comple¬ 
xite  ira  croissante  au-fur-et-a-mesure  que  le  besoin  s'en  fera  sentir  et  que  la  connaissance  de  l'aero- 
dynamique  du  foyer  et  de  la  repartition  du  carburanl  dans  le  foyer  s'amelioreront. 
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CONCLUSION 


La  modelisation  des  foyers  est  un  outil  tres  utile  au  motoriste  pour  la  raise  au  point  des  foyers, 
a'autant  plus  que  le  codt  des  essais  partiels  s'accroit  avec  1* elevation  du  taux  de  compression  des 
moteurs.  L'interet  portc  aux  problemes  de  pollution  a  accru  le  besoin  en  ntodeles  coraportant  aussi 
bien  une  modelisation  des  phenomenes  aerodynamiques  et  therraiques  qu'une  modelisation  des  evolutions 
chimiques. 

Le  constructeur  souhaite  disposer  de  deux  types  de  modeles  : 

-  d'une  part  une  modelisation  globo.le  du  foyer  permettant  d'optimiser  les  repartitions  d'air  et 
de  carburant  entre  les  differentes  zones  du  foyer,  pour  utiliser  le  volume  minimal  tout  en 
assurant  un  niveau  de  performances  satisfaisant.  Ces  modeles  tout  en  restant  assez  simples  pour 
etre  utilisables  industriellement  devront  a  I'avenir  tenir  compte  de  maniere  plus  approfondie 
des  parametres  lies  a  1' injection. 

-  d'autre  part  des  modeles  permettant  a  partir  de  1 'optimisation  precedonte  de  definir  les  donnees 
geometriques  du  foyer  et  d'en  estimer  avec  une  bonne  precision  les  principales  performances. 

Dans  ce  but  des  modeles  elementaires  specifiques  et  simplifies  se  revelent  tres  utiles  pour  le 
motoriste  au  cours  du  developpement  du  foyer. 

Cependant  dans  les  deux  cas  la  prevision  cu  1 'optimisation  des  niveaux  de  pollution  amenent  a  envisa- 
ger  des  modeles  dont  le  degre  de  sophistication  ira  croissant  en  meme  temps  que  la  modelisation 
detaillee  des  processus  aerothormochimiques  progressera. 

En  tous  cas  le  motoriste  insiste  sur  la  necessite  do  connaitre  a  priori  ou  par  1' experience  anterieure 
tous  les  parametres  d'entree  figurant  dans  ces  modeles.  II  nous  paralt  done  indispensable  quo  los 
moyens  de  diagnostic  et  de  mesures  progressent  en  perallele  avec  los  moyons  do  calcul. 
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DISCUSSION 


C.Hirsch,  Be 

(1)  Quel  est  le  contenu  (degre  de  complexity,  variables  entree-sortie,  representation  de  la  turbulence, . . .)  des 
modeles  partiels  utilises  (FPM:  foyer  parfaitement  melange;  RP:  reacteur  piston)? 

(2)  Sur  quels  criteres  sont  bases  le  choix  du  nombre  de  modeles  partiels  entrant  dans  la  moddlisation  d’un  foyer? 

Reponse  d’Auteur 

(1)  On  ce  qui  conceme  les  foyers  homogdnes  (FPM)  nous  utilisons  une  cinetique  simplifide  en  ce  qu’elle  comporte 
une  reaction  global  de  ddcomposition  du  carburant,  les  donnees  de  cinetique  chimique  nous  sont  foumies  par 
des  organismes  de  recherches,  comme  TONER  A  par  exemple.  En  ce  qui  conceme  les  modeles  utilises  dans  les 
reacteurs  pistons  (RP)  nous  utilisons  des  constantes  de  cindtique  ddduites  de  nos  essais  partiels  ou  de  la 
littdrature, 

(2)  Le  choix  du  nombre  et  de  la  nature  des  foyers  dlementaires  rdsulte  d’essais  partiels  ddcrivant  les  diffdrentes 
zones,  les  temps  de  sdjour  et  les  volumes  de  chacune  de  ces  zones;  le  debit  d’air  entrant  dans  chacun  de  ces 
foyers  rdsulte  du  calcul  global  de  la  rdpartition  des  ddbits  d’air  et  des  donnees  prdeedentes. 


M.Pianko,  Fr 

A  t’on  des  preuves  expdrimentales,  que  dans  les  foyers  des  turbo-rdacteurs,  le  temps  physique  et  nettement  inferieur 
au  temps  chimique? 

Rdponsc  d’Auteur 

Nous  avons  compard  les  rdsultats  expdrimentaux  obtenus  avec  un  foyer  reprdsentant  une  zone  primairc  seule  et  les 
rdsultats  de  calcul  en  assimilant  cette  zone  a  un  foyer  homogdne.  L’accord  qualitatif  entre  ces  rdsultats  lorsque 
l’injection  est  du  type  adrodynamique  est  aswz  bon  pour  justifier  cette  hypothdse  en  premiere  approximation. 


M.Pianko,  Fr 

Quels  sont,  de  fa?on  prdcise,  les  besoins  d’amdlioration  des  techniques  et  proeddds  de  mesure? 

Rdponse  d’Auteur 

II  ne  suffit  pas  de  vdrifier  que  les  rdsultats  de  la  moddlisation  sont  en .  ccord  avec  ccux  obtenus  a  la  sortie  due  foyer, 
il  nous  parait  indispensable  de  comparer  les  rdpartitions  de  vitesse,  les  intensitds  de  turbulence,  les  fluctuations  de 
tempdrature  et  de  concentrations  obtenues  par  le  calcul  avec  les  valeurs  mesurdes  dans  les  foyers.  C’est  dans  le 
domaine  des  mesures  optiques  des  vitesses,  tempdrature  et  concentrations  au  sein  des  foyers  en  combustion  que  doit, 
d  notre  avis,  etre  portd  l’effort. 


N.Peteis,  Ge 

Je  crois  a  l’avenir  des  mdthodes  traitant  de  l’interaction  turbulence-rdactions  chimiqucs.  Pour  la  turbulence  on 
dispose  des  moddles  a  deux  dquations  k  -  e  ou  du  type  longueur  de  mdiange.  Pour  la  cindtique  chimique  des 
rdactions  a  tempdrature  d’activation  dlevde  on  peut  utiliser  les  mdtnodes  de  ddveloppement  asymptotique  qui  ont 
donnd  de  bons  rdsultats  pour  la  prddiction  de  l’allumage  d’une  flamme  de  diffusion  et  la  prddietion  des  oxydes 
d’azote.  En  gendral  ces  problemes  ne  sont  pas  couples  (dcoulement  turbulents  non  rdactifs  ou  flammes  laminaires). 
Pouvez-vous  commenter  ces  nouvelles  mdthodes  de  calcul? 

Rdponse  d’Auteur 

Nous  sommes  trds  intdresses  par  ces  nouvelles  mdthodes;  mais  comme  vous  le  dites  elles  ne  sont  applicables  qu’a  des 
flammes  simples  alors  que  nous  traitons,  dans  nos  foyers,  d’ecoulements  tridimensionnels  avec  injection  de  carburant 
liquide. 
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FUNDAMENTAL  MODELLING  OF  MIXING,  EVAPORATION  ANT  kINETICF  IN  GAS  TURBINE  COMBUSTORS 
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SUMMARV 

The  objective  of  this  review  is  to  highlight  past  achievements,  current  status  and  future  prospects 
of  combustor  modelling.  The  past  achievements  largely  consists  of  detailed  studies  of  idealized  flames 
which  have  given  an  understanding  of  the  relevant  fundamental  processes.  However,  gas  turbine  combustor 
computations  must  include  the  simultaneous  interacting  processes  of  three-dimensional  tvo-phase  turbulent 
flow,  evaporating  droplets,  mixing,  radiation  and  chemical  kinetics.  At  the  present  time  numerical  predic¬ 
tion  algorithms  are  becoming  available  which  can  model  all  these  processes  to  compute  the  hydrodynamic, 
thermodynamic  and  chemical  quantities  throughout  a  tnree-dimensional  field.  Complementary  stirred  reactor 
network  algorithms  permit  tho  prediction  of  minor  constituents  (pollutants),  again  including  such  effects 
as  droplet  evaporation  and  unmixedness.  Experimental  verification  of  these  various  predictions  reveals  re¬ 
markably  good  agreement  b  tween  measured  and  predicted  values  of  all  parameters  in  spite  of  the  physical 
and  mathematical  assumptions  currently  used.  Future  problems  include:  more  accurate  modelling  of  turbulence/ 
kinetic  interactions,  numerical  procedure  optimization  and  detailed  measurements  of  residence  time  distri¬ 
bution  and  two-phase  parameters  in  real,  hot  combustors. 


1.  INTRODUCTION  -  PAST  ACHIEVEMENTS 

Presently  the  aviation  industry  produces  a  wide  variety  of  engine  designs, ranging  from  simple  lift  en¬ 
gines  to  sophisticated  multispool  by-pass  engines.  In  so  doing  the  combustion  engineer  has  the  important 
task  of  selecting  the  combustor  design  which  yields  maximum  overall  efficiency,  while  minimizing  the  emis¬ 
sion  of  pollutants. 

Gas  turbine  combustors  involve  the  simultaneous  processes  of  chree-dimensional  turbulent  flow,  two- 
phase  evaporating  droplets,  mixing,  radiation  and  chemical  kinetics.  The  complexity  of  these  interacting 
processes  is  such  that  most  current  gas  turbine  combustor  design  methods  depend  largely  on  empirical  corr¬ 
elations.  However,  current  pressures  to  minimize  pollutant  formation,  together  with  the  foreseeable  re¬ 
quirement  to  use  more  aromatic  fuels,  and  even  synthetic  shale  or  coal  derived  fuels,  suggest  that  the 
initial  stages  of  combustor  design  would  be  greatly  facilitated  by  a  comprehensive  mathematical  model 
based  on  fundamental  principles. 

Fortunately,  the  past  achievements  in  combustion  science,  which  large  consist  of  detailed  studies  of 
simple  laminar/ turbulent,  pre-mixed/diffusion,  and  single  droplet  flames,  have  given  an  understanding  of 
the  relevant  fundamental  processes.  In  modelling  combustors,  the  problem  is  to  write  down  a  set  of  govern¬ 
ing  differential  equations,  which  correctly,  or  at  least  adequately,  model  interactions  such  as  those  be¬ 
tween  turbulence  and  chemical  kinetics,  whose  solution  is  within  the  capability  of  present  computers. 

It  is  beyond  the  scope  of  this  paper  to  present  all  the  models  which  have  been  developed,  and  the 
approach  used  is  to  present  some  modelling  procedures  which  are  typical  of  the  current  'state  of  the  art'. 

A  key  feature  of  this  presentation  is  a  critical  comparison  of  the  results  of  the  prediction  procedures 
with  experiment.  Whilst  this  does  not  necessarily  prove  the  validity  of  the  mathematical  models  used,  it 
does  indicate  the  present  capability,  and  future  potential  and  promise  of  the  techniques. 

Previous  studies  of  turbulent  flow  fields  have  predominantly  considered  two-dimensional  isothermal 
flow.  Simplifying  assumptions  which  are  made  in  the  mathematical  and  physical  stages  of  modelling  will 
certainly  introduce  errors  and  it  has  been  demonstrated  that  the  inherent  constants  used  in  the  equations 
cannot  ctaim  true  universalism.  Nevertheless,  although  there  are  uncertainties  associated  with  their  use, 
many  studies  have  shown  that  isothermal  flow  fields  can  be  predicted  with  sufficient  accuracy  to  be  of 
practical  value. 

Models  of  turbulence  employed  in  combustion  situations  have,  on  the  other  hand,  frequently  assumed 
extended  forms  of  the  isothermal  cases,  the  flame/turbulence  interaction  being  represented  by  simple  ex¬ 
pressions  lacking  rigorous  rormulation.  Turbulence  models  are  required  because  it  is  not  possible  to  solve 
the  unsteady  versions  of  the  transport  equations  analytically,  and  their  numerical  evaluation  is  well  be¬ 
yond  thv.  capabilities  of  present  computers.  Since  we  normally  only  require  the  time  averaged  flow  for  en¬ 
gineering  purposes,  the  problem  reduces  to  the  representation  of  the  statistical  correlation  terms,  which 
appear  in  the  time  averaged  versions  of  the  transport  equations,  in  terms  of  known  quantities.  In  the  first 
part  of  this  paper,  the  two  equation  (k,o)  model  of  turbulence  has  been  used  although  its  validity  in  hot 
reacting  flows  has  not  yet  been  firmly  established.  Whilst  higher  order  awdels  would  probably  be  required 
for  strongly  swirling  flows  for  example,  in  the  present  case  the  two  equation  model  was  considered  to  be 
the  lowest  level  of  closure  which  would  give  adequate  accuracy. 

In  the  second  part  of  the  paper,  contrary  to  the  rigorous  description  employed  in  the  finite  difference 
modelling  by  partial  differential  equations  of  heat,  mass  and  momentum  transfer,  the,  "Chemical  Reactor 
Modelling"  approach  concentrates  on  the  representation  of  the  combustor  flow  field  in  terms  of  interconnected 
partially  stirred  and  plug  flow  reactors.  This  approach  has  the  advantage  that  the  complex,  time-consuming 
solution  of  the  equations  is  replaced  by  simple  flow  models  and  the  computational  requirements  are  generally 
minimum.  These  features  enable  the  attractiveness  of  chemical  reactor  modelling  to  be  exploited  during  the 
development  phase  of  combustor  design. 

2.  FINITE  DIFFERENCE  PROCEDURE  FOR  AERODYNAMIC  AND  THERMAL  PREDICTIONS 

The  finite  difference  procedure  employed  in  this  work  is  derived  from  the  pioneering  work  at  Imperial 
College,  (1,2, 3, 4, 5)  It  uses  the  cylindrical  polar  system  of  coordinates  to  predict  the  complex  three- 
dimensional  swirling  and  reacting  flow  inside  a  combustor. 
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The  numerical  scheme  for  solving  the  governing  non-linear  equations  with  arbitrary  boundary  conditions 
coupled  with  mathematical  models  of  turbulence  and  combustion  has  the  pressure  and  velocities  as  the  main 
flow  variables;  facilities  exist  to  treat  both  physically-controlled  and  kinetically  controlled  combustion. 
The  latter  can  be  formulated  in  terms  of  either  one  or  two  steps. 

The  present  algorithm  is  also  capable  of  predicting  the  local  distribution  of  droplets  in  any  speci¬ 
fied  number  of  distinct  site  ranges  for  the  investigation  of  two-phase  combustion.  Means  are  provided  to 
account  for  the  vaporization-plus-combustion  processes  around  the  droplets  if  required,  however  no  signifi¬ 
cant  interphase  drag  and  consequent  modification  of  the  evaporation  rate  has  been  considered.  Techniques 
developed  to  overcome  this  limitation  in  the  near  field  of  the  injector  are  discussed  below.  Radiation 
effects  are  incorporated  by  means  of  a  six  flux  model. 
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Equations  of  Continuity  and  Momentum 
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For  turbulent  flows  which  are  generally  encountered  in  combustion  studies,  it  shall  be  assumed  that 
the  same  equations  are  also  valid  provided  that  all  the  flow  variables  and  fluid  properties  are  represented 
by  the  corresponding  time-mean  values  and  p  is  now  the  effective  viscosity  which  is  the  molecular  viscosity 
augmented  by  the  turbulent  contribution.  The  local  variation  of  the  latter  is  assumed  to  be  of  the  following 
form; 


Wt  -  CD  p  k2/e 


(5) 


where  CD  is  a  universal  constant. 

The  hydrodynamic  turbulence  model  adopted  here  is  a  two-equation  model  of  turbulence  known  as  the 
k  'v  e  model.  (2)  It  entails  the  solution  of  two  transport  equations  for  turbulence  characteristics,  namely 
that  of  k,  the  local  energy  of  the  fluctuating  motion  and  e,  the  energy  dissipation  rate.  Knowledge  of  k 
and  e  allows  the  length  scale  to  be  determined  and  also  the  effective  viscosity  (as  above)  from  which  the 
turbulent  shear  stresses  can  be  evaluated. 


The  differential  transport  equations  for  k  and  e  are  expressed  as: 
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In  the  above  equations  the  generation  term  for  K,GK  is  given  by: 

vt[2(i)2.*  <u)2  *?)2  *(i*6)2  -I?  -$<8’ 

In  equations  (6)  and  (7),  and  are  taken  to  be  the  effective  exchange  coefficients;  Cj  and  C 
are  assumed  to  be  constants. 


Recommended  values  for  the  above  constants  are: 
C„  C. 
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(b)  Reaction  Models 

Conservation  Equation  for  a  Chemical  Species  3:- 
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In  a  multi-component  system,  simplifications  can  be  introduced  through  the  use  of  the  concept  of  a 
simple  chemically  reacting  system.  This  assumes  fuel  and  oxidant  react  chemically  in  a  unique  proportion. 
Furthermore,  the  effective  diffusivities  of  all  the  chemical  species  are  taken  to  be  equal  and  -.he  reaction 
is  a  single  step  with  no  intermediate  compounds. 


These  suppositions  enable  various  concentrations  to  be  determined  by  solving  only  one  equation  for  the 
mixture  fraction  variable  f  (Fig.  1.),  defined  as  the  mass  fraction  of  fuel  in  any  form,  for  diffusion 
flames.  Treatment  of  kinetically  influenced  flames  is  affected  via  equations  for  the  variables  f  and  m£u, 


where  m£u  is  the  mass  fraction  of  fuel, 
achieved  via:  _  -  t 


Thus  the  evaluation  of  m^  in  kinetically  influenced  flames  is 


M^t)> 


where  St  is  the  stroichiometric  constant. 


(11) 


The  influence  of  turbulence  on  reaction  races  is  taken  into  account  by  employing  the  eddy  break  up 
model  of  Spalding  (3).  The  reaction  rate  in  this  case  is  taken  to  be  the  smaller  of  the  two  expressions 
given  by  the  familiar  Arrhenius  formulation  and  the  eddy  break-up  model.  The  latter  is  conveniently  des¬ 
cribed  as: 
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where  is  a  constant  and  g  represents  the  local  mean  square  concentration  fluctuations. 


(c)  Two-step  Kinetic  Model 

Predictions  of  the  local  mass  fractions  of  fuel,  CO2,  CO,  H2O,  O2  and  N2  are  provided  by  a  slightly 
more  sophisticated  kinetic  scheme  proceeding  via  the  following  steps: 


C12H2A  1202  *  12C0  +  12H20  (13) 

12C0  +  602  12C02  (K) 

Three  differential  transport  equations  are  solved  for  the  species  f,  mfu  and  CO  employing  the  partial 
equilibrium  model  of  Morr  and  Heywood  for  concentrations  of  CO.  In  addition  algebraic  equations  for  the 
atomic  balance  of  C,H,  and  0  together  with  a  trivial  relation  involving  the  total  sum  of  the  species  mass 
fractions  completely  specify  the  problem. 


Manipulation  of  the  algebraic  expressions  involving  the  individual  element  mass  fractions,  and  the  in¬ 
herent  assumption  that  the  effective  turbulent  exchange  coefficients  for  all  the  species  are  equal  through¬ 
out  the  field,  yield  m^,  mn2o  and  mc02  as: 

576 

(15) 


m 


ox  168 


“fu  +  imCO  +  °-23?  -(o.232  +f!f)f  'O-232 


J*1 


\o 

.  Ill 
168 

(f  -  »£u) 

\o2 

»  11 

7 

(f  -  mfu)  - 

t*i* 

28  “CO 

In  the 

above, 

\ 

the  liquid 

(16) 


(17) 


is  the  liquid  fuel  mass  fraction  prevailing  in  the  field.  n^j2  is  found  from 
mfu  +  mC0  +  mC02  +  \o  +  mox  +  V  +  }^d,J  “  1 


J=1 


(18) 


(d)  Treatment  of  droplet  (particle)  combustion 
Assumptions  involved  in  the  analysis'. 

(1)  In  the  course  of  diminution  of  size  by  vaporization,  the  heat  absorbed  is  proportional  to  the  mass  of 
material  changing  phase. 

(2)  The  specific  heat  of  the  liquid  phase  fuel  is  taken  as  identical  with  that  of  the  vapour-phase. 

(3)  It  is  presumed  that  the  droplets  are  small  enough  in  size  for  Reynolds  number  of  relative  motion  be¬ 
tween  phases  to  be  negligible  (N.B,  see  later  discussion), 

(6)  Under  turbulent  conditions,  the  mode  of  diffusion  for  droplets  is  taken  to  be  identical  to  that  of  the 
gaseous  phase;  however  relative  dispersion  effects  for  near-dynamic  equilibrium  cases  can  be  incorporated 
without  much  difficulty  (6). 

(5)  The  temperature  and  concentration  fields  surrounding  the  droplets  are  spherically  symmetric.  (Forced 
convection  effects  are  neglected  in  this  analysis). 

(6)  The  droplets  are  of  uniform  density  and  spherical  in  shape. 

(7)  The  mode  of  mass  transfer  depends  on  either: 

The  driving  force  due  to  a  temperature  difference  between  the  local  gas  mixture  and  the  presumed  drop¬ 
let  surface  temperature. 

or'  The  oxygen  concentration  in  the  local  mixture. 

The  above  restrictions  are  convenient  rather  than  necessary  and  can  be  removed  should  the  extra  com¬ 
putational  effort  and  cost  be  justifiable. 


In  the  following  analysis,  the  size  of  a  particle  is  characterised  by  S,  which  is  identified  with  the 
square  of  the  particle  radius.  Choice  of  8  as  the  size  parameter  offers  considerable  simplification  in 
that  the  rate  of  change  of  size  with  time  emerges  as  a  constant  independent  of  S. 

"n"  defines  the  number  of  particles  in  unit  volume  having  sizes  between  S  and  S+dS;  M  is  the  mass  of 
a  single  droplet  in  this  size  range,  while  m  signifies  the  maos  of  droplets  in  this  size  range  per  unit 
volume.  Finally,  fj  denotes  the  mass  of  particles  in  the  size  range  Sj+i  to  a  larger  size  Sj  pe„  unit  mass 
of  local  gas-droplet  mixture. 
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A  control  volume  analysis  for  a  balance  of -droplets  entering,  leaving  and  changing  size  together  with 
hypotheses,  about  the  interphase  mass  transfer  :yields  the  following  governing  equation  for  fj:  (7). 
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This  study  employs  the  commonly  used  supposition  that  the  mass  transfer  rate  from  the  condensed  phase 
to  the  gaseous  phase  per  unit  surface  area  is  expressible  in  the  form: 


m  »  —  In  (1+B) 

For  distillate  fuels,  B  is  evaluated  from: 
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Even  though  the  actual  m~s  variation  of  a  two-phase  mixture  can  only  be  described  by  a  smooth  curve, 
it  suffices  for  purposes  of  this  study  to  discretize  this  distribution.  Arrangement  of  the  droplet  sizes 
is  in  such  a  manner  that  J=1  signifies  the  largest  size  and  J=K  the  smallest.  This  is  done  for  the  consid¬ 
erable  simplification  that  this  arrangement  offers  in  the  linearization  of  the  source  terms.  The  final 
equations  are  expressed  in  the  following  form: 
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Tn  view  of  the  fact  that  the  concentration  of  droplets  in  an  intermediate  size  range  is  influenced 
only  by  the  behaviour  of  larger  droplets,  not  of  the  smaller  ones,  (equations  (22)  to  (24)),  a  specific  drop¬ 
lets  treatment  can  be  devised.  This  offers  extremely  economical  use  of  storage  while  permitting  an  ex¬ 
tremely  sophisticated  representation  of  the  droplet  size  distributions.  The  essential  feature  i3  stated 
as  follows: 

It  suffices  to  provide  storage  for  just  one  droplet  concentration  array.  The  computation  is  so 
arranged  that  the  integration  proceeds  through  the  droplet  size  distribution  from  large  size  to  small,  over¬ 
writing  the  contents  of  each  concentration  store  as  it  does  so.  This  is  particularly  valuable  when  storage 
is  a  near  prohibitive  factor. 

The  incorporation  of  the  droplet  size  distribution  equations  and  the  corresponding  source  term  mani¬ 
pulations  are  discussed  in  great  detail  in  Reference  (7). 

(e)  Radiation  effects 

The  effect  of  radiation  in  the  mathematical  model  are  accounted  for,  by  reference  to  the  six  flux  model 
of  radiation.  The  differential  equations  describing  the  variations  of  the  fluxes  are: 


£(rl) 
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The  composite  fluxes  defined  as: 

R^  =  y  (I  +  J) 

(31) 

Rx  =  j  (K  +  L) 

Rz  =  \  (M  +  H) 

(32) 

(33) 

are  employed  to  eliminate  I,J,K,L,M  and  N  from  the  previous  equations  to  yield  three  second-order  ordinary 
differential  equations. 
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the  recent  radiation  model  developed  by  Lockwood  and  co-workers  (8)  where  the  inherent  grey  gas 
assumption  of  the  above  formulation  is  relaxed  by  employing  a  pseudo-grey  approximation  for  the  local 
emissivity,  could  be  used  for  improved  radiation  predictions. 

(f)  Solution  Procedure 

The  previous  governing  partial  differential  equations  for  mass,  momentum,  energy,  droplet  and  species 
are  all  elliptic  in  nature  and  can  be  conveniently  presented  in  the  general  form: 

div  (g”<f  -  7^  grad  $)  =  (34) 

The  equations  are  first  reduced  to  finite  difference  equations  by  integrating  over  finite  control 
volumes  (5)  and  then  solved  by  a  procedure  described  in  detail  in  Reference  (1)  for  three-dimensional  flows. 

It  will  be  sufficient  for  the  purposes  of  this  paper  to  summarize  the  pertinent  features  of  the  solu- 
procedure. 

The  numerical  scheme  is  a  semi-implicit,  iterative  one  which  starts  from  given  initial  conditions  for 
all  the  variables  and  converges  to  the  correct  solution  on  the  completion  of  a  number  of  iterations. 

Each  iteration  performs  the  following  steps: 

(i)  The  u,v  and  w  momentum  equations  are  solved  sequentially  with  guessed  pressures. 

(ii)  Since  the  velocities  at  this  stage  do  not  satisfy  the  continuity  equation  locally,  a  "Poisson-type" 
equation  is  derived  from  the  continuity  equation  and  the  three  linearised  momentum  equations.  This 
pressure-correction  equation  is  then  solved  for  corrections  to  the  pressure  field  and  consequent  corrections 
of  the  velocity  components  are  established. 

(iii)  The  "Sectional  balance"  (7)  technique  is  applied  to  the  velocity  field  before  and  after  the  solution 
of  the  pressure  correction  equation. 

(iv)  The  k  and  e  equations  are  then  solved  using  the  most  recent  values  of  the  velocities. 

(V)  The  iteration  is  completed  upon  solution  of  the  droplet,  species  concentration  and  all  the  remaining 

equations. 

One  point  to  note  here  is  the  implementation  of  the  cyclic  boundary  condition  in  the  0  direction  com¬ 
patible  with  the  nature  of  the  swirling  flows. 

(g)  Current  physical  modelling  limitations  and  future  improvements 

Some  of  the  problems  facing  the  mathematical  modeller  have  already  been  indicated  above.  Primarily,  the 
flame 'v  turbulence  interaction,  represented  in  the  first  part  of  this  study  by  the  tentative  eddy  break-up 
model,  needs  to  be  critically  assessed.  It  should  be  emphasised  that  the  adopted  eddy  break-up  expression 
falls  short  of  a  probabilistic  description  for  the  temporal  variation  of  the  turbulence  energy  and  dissi¬ 
pation,  i.e.  the  delay  time  associated  with  the  oreak-up  of  eddies  to  provide  adequate  interfaces  with  the 
hot  gas,  as  a  consequence  of  the  processes  initiated  by  the  turbulence  energy,  seems  to  have  been  neglected. 
A  cross-correlation  analysis  might  be  profitably  adopted  for  this  purpose. 

The  local  Reynolds  number  insensitivity  of  the  model,  together  with  the  fixed  eddy  states  presumed  in 
the  derivation  have  already  been  pointed  out  by  Spalding  (3).  However,  the  latter  influence  can  probably 
be  accounted  by  reference  to  a  differential  equation  which  has  as  the  dependent  variable  the  root  mean- 
square  fluctuation  of  reactedness. 

The  solution  of  a  concentration  fluctuation  equation,  especially  for  diffusion  flames,  should  be 
viewed  as  a  problem  of  utmost  urgency.  The  implications  of  employing  a  particular  wavetorm  for  the  instant¬ 
aneous  variation  of  the  composite  mass  fraction  needs  to  be  explored  in  detail.  The  treatment  of  "unmixed- 
ness"  for  premixed  flames  can  be  developed  via  a  similar  approach. 

It  is  the  authors’  belief  that  in  predicting  turbulent  combusting  flow  situations  recourse  has  to  be 
made  to  more  fundamental  approaches,  initially  free  from  all  the  obstructive  sophistications  one  could  en¬ 
visage.  Recently  there  appeared  in  the  literature  a  number  of  encouraging  attempts  aimed  at  fulfilling  this 
task  (e.g.  Ref,  9.)  Chemical  reactor  modelling  formulated  in  terms  of  a  "population  balance"  coupled  with  a 
"mechanistic"  approach  to  predict  the  gross  profiles  could  yet  initiate  a  new  era  in  modern  combustion  re¬ 
search.  It  is  then  a  relatively  simple  matter  to  introduce  gradually  any  desired  level  of  complexity. 

Space  precludes  a  detailed  discussion  of  potential  improvements  in  numerical  methods.  However,  issues 
related  to  grid  optimization,  delineation  of  two  and  three-dimensional  combustor  zones,  effective  "restart" 
procedures,  devising  of  convergence-promoting  features  without  changing  the  basic  structure  of  the  algor¬ 
ithm,  should  be  considered  to  achieve  a  computationally  more  "attractive"  model.  Further  recommendations 
for  improvements  are  to  be  found  in  Reference  (7). 

3.  THREE-DIMENSIONAL  FINITE  DIFFERENCE  ANALYSIS.  RESULTS  OF  THEORY  AND  EXPERIMENTS 

In  order  to  assess  the  prediction  algorithm  specified  above,  a  simple  70  mm  dia.  gas  turbine  can  com¬ 
bustor  shown  in  Fig.  2.  was  tested-experimentally  and  modelled  analytically.  The  experimental  tests  were 
carried  out  at  atmospheric  pressure  using  a  total  air  flow  rate  of  0.1275  kg/s  both  cold  and  at  overall 
air/fuel  ratios  of  30  and  40.  The  computations  were  carried  out  using  the  grid  network  of  over  3000  nodes 
as  'Shown  in  Figs.  3  and  4,  both  cold  and  with  overall  air/fuel  ratios'  of  68  and  40.  The  flow  was  divided 
as  follows:  svirler  7.8%  (swirl  No.  0.8),  primary  jets  25.5%  (6  jets),  secondary  jets  29.9%  (6  jets), 
dilution  36.8%  (6  jets).  The  cold  flow  computations  were  carried  out  first  yielding  the  radial,  axial  and 
tangential  velocity  profiles,  including  the  recirculation  zone,  as  shown  in  Figs.  4,5  and  6.  Good  agreement 
was  “Found  between  the  measured  and  predicted  profiles  as  illustrate.:!  in  Fig.  7.  Computations  were  then 
carried  out  with  diffusive'  combustion  using  the  cold  flow  pattern  to  initiate  the  iteration  procedure. 

This  case  was  simulated  experimentally  using  rich  premixed  propane/air  mixture  introduced  through  the 
swirler.  As  a  relatively  severe  test  of  the  modelling,  procedure,  the  exit  turbulence  levels  were  measured 
with  a  photon  correlation  laser  anemometer  with  the  results  shoyn  in  Fig.  8.  Again  the  agreement  is  re¬ 
markably  good  considering  the  difficulty  of  the  experiment  and  the  complexity  of  the  prediction,  however 
the  results  suggest  that  the  model  slightly  overestimates  the  turbulence  intensity. 

The  more  complex  computational  procedure  including  the  droplet  spray  and  two  stage  kinetics  was  then 
tested,  using  the  previous  results  to  start  the  iterations.  In  both  the  computations  and  experiments  the 
liquid  fuel  wag  introduced  as  a  spray  of  80°  included  angle  from  the  axially  located  fuel  nozzle.  The 
droplet  size  distribution  used  for  the  analysis  was  divided,  into  10  size  ranges  as  shown  in  Fig.  9. 

Although  it  would  be  preferable  to  use  about  20  size  increments,  considerable  saving  in  computer  time  is 


2-6 


achieved  by  a  more  modest  model  at  this  stage.  The  problem  of  representing  the  upper  'tail'  of  the  size 
distribution  curve  is  met  by  placing  all  the  larger  droplets  in  the  upper  size  band.  In  practice,  these 
droplets  would  usually  impinge  on  the  combustor  wall  and  evaporate  there  as  indicated  in  Fig.  10  (Ref.  10). 
The  associated  study  reported  in  Ref.  9.  is  based  on  the  fact,  shown  clearly  in  Fig.  11,  that  the  flow  in 
the  vicinity  of  the  fuel  injector  is  2-dimensional  oven  though  the  main  combustor  flow  is  3-dimensional. 

The  detailed  spray  trajectories  can  therefore  be  analysed  in  detail  by  the  2-dimensional  computation.  It 
can  be  seen  that,  for  the  relative  initial  droplet/air  velocity  ratios  associated  with  conventional  atom¬ 
izers,  the  droplets  tend  to  travel  in  straight  lines.  In  general,  as  a  droplet  becomes  small  enough  to  be 
deflected  by  the  hot  gas  flow,  its  life  is  sc  short  that  it  quickly  vanishes.  The  dashed  lines  in  Fig. 10 
show  that  the  inclusion  of  finite  droplet  heat-up  time  in  the  computations  only  contributes  about  10%  to 
the  droplet  range.  Thus,  the  evaporation  constant  B  should  be  adjusted. to  compensate  for  the  relative  vel¬ 
ocity  of  the  droplets  and  their  actual  shorter  residence  time  in  each  grid  cell. 

The  predictions  of  the  droplet  concentration  distribution  is  shown  in  Fig.  12,  whilst  Fig.  13  illus¬ 
trates  the  mass  fraction  of  fuel  evaporated  but  unbumed  assuming  kinetic  control  of  the  reaction.  Such 
information  would  be  invaluable  to  a  designer  concerned  with  quenching  and  the  minimization  of  unbumed 
hydrocarbon  formation  at  engine  idle  conditions.  Our  experiments  indicated  about  0.1%  unbumed  hydro¬ 
carbons  near  the  wall  at  the  combustor  exit,  and  were  thus  consistent  with  the  predictions  although  de¬ 
tailed  quenching  mechanisms  were  not  modelled  in  this  study. 

When  the  fuel  spray  and  two-stage  kinetics  are  included  in  the  model,  the  computation  is  close  to  the 
limits  of  present  day  computers,  both  with  regard  to  fast  memory  capacity  and  speed.  The  approach  of  the 
computational  iteration  to  convergence  can  be  monitored  by  the  normalized  error  in  the  sum  of  the  modulus 
of  the  mass  sources  as  shown  in  Fig.  14,  Although  the  figure  shows  that  there  is  little  improvement  in  this 
error  after  about  80  iterations,  it  was  found  that  the  temperatures  and  associated  concentrations  were 
still  evolving  slightly  even  after  240  iterations.  Fortunately,  the  trends  were  clearly  established  and  it 
was  not  economic  to  continue  the  computation  to  its  ultimate  precision.  The  results  for  exit  velocity  and 
temperature  are  given  in  Fig.  15  and  16  respectively  where  it  can  be  seen  that  the  predicted  and  experiment¬ 
al  values  are  in  remarkably  good  agreement.  The  hot  exit  velocity  profile  should  be  compared  with  the  cold 
case  shown  in  Fig.  7.  The  true  exit  temperature  would  be  slightly  higher  than  shown,  since  the  experimental 
results  are  not  corrected  for  radiation,  and  the  computation  would  have  finally  converged  on  a  slightly 
higher  profile.  Nevertheless,  it  is  considered  that  the  prediction  of  pattern  factor  would  be  most  useful 
to  a  combustor  designer. 

The  predicted  and  measured  exit  concentration  profiles  of  oxygen,  CO  and  CO^  at  an  air/fuel  ratio  of 
40  are  shown  in  Fig.  17.  Again,  allowing  for  the  fact  that  the  kinetic  part  of  the  computations  have  not 
completely  converged  the  concentration  profiles  are  in  good  agreement.  The  agreement  between  the  measured 
and  predicted  profiles  at  the  exit  from  the  primary  zone  is  illustrated  in  Fig.  18,  where  the  large  radial 
changes  are  again  apparent.  In  the  experimental  studies  it  was  found  that  the  fuel  nozzle  gave  a  slightly 
skew  distribution  which  precluded  a  valid  comparison  of  the  predicted  and  measured  circumferential  varia¬ 
tions  in  concentration. 

The  location  of  the  highly  stirred  regions  within  the  combustor  may  be  obtained  from  the  predictions 
of  the  turbulence  dissipation  rate  since  mixing  occurs  by  the  movement  of  molecules  between  adjacent  eddies 
which  simultaneously  dissipates  the  velocity  difference  between  the  eddies.  The  major  stirred  reactor  re¬ 
gions  can  be  clearly  identified  on  Fig.  19. 

4.  STIRRED  REACTOR  MODELLING 

This  second  stage  of  the  calculation  consists  of  a  procedure  which  represents  the  combustor  as  a  net¬ 
work  of  interconnected  stirred- and  plug  flow  reactors  and  includes  a  detailed  kinetic  scheme  for  the  chemical 
species  to  be  considered.  A  model  of  the  fuel  evaporation  and  mixing  rate  is  also  built  into  this  part  of 
the  computation  since  only  the  fuel  which  has  evaporated  and  mixed  with  the  air  can  take  part  in  the  chemi¬ 
cal  reaction.  The  objective  of  this  stage  of  the  computation  is  to  quickly  predict  the  combustion  efficiency 
and  pollution  levels  produced  by  the  particular  combustor  design.  As  with  the  3-dimensional  modelling,  an 
important  aspect  of  the  procedure  is  that  it  should  be  capable  of  predicting  the  trend  of  dependence.  For 
example,  it  is  important  to  be  able  to  predict  the  effect  which  a  finer  fuel  spray  may  be  expected  to  have 
on  the  production  of  nitric  oxide  at  some  particular  combustor  throughput. 

To  set  up  the  network  of  stirred  reactors,  we  require  a  sub-model  for  a  well  stirred  reactor  which 
includes  the  internal  processes  of  fuel  evaporation,  mixing  and  complex  chemical  kinetics.  In  addition,  to 
model  the  sections  of  the  flowfield  where  no  mixing  is  taking  place,  a  plug  flow  reactor  is  required.  This 
can  be  achieved  as  a  sequence  of  differentially  small  well  stirred  reactors  or  in  some  cases  as  a  larger 
poorly  stirred  reactor. 

Previous  stirred  reactor  models  of  combustors  have  been  mainly  confined  to  homogeneous  combustion 
with  "global"  reaction  kinetics,  and  encouraging  results  were  obtained  within  the  limitations  of  this 
approach  (11).  Evaporation  effects  were  later  included  with  some  success  (12). 

Although  the  three  processes  of  evaporation,  mixing  and  reaction  must  occur  simultaneously  in  a  com¬ 
bustor  it  is  convenient  to  consider  that  in  a  steady  state  condition  these  processes  occur  in  series. This 
approach  allows  us  to  calculate  the  reactor  gaseous  phase  composition  after  evaporation  and  mixing  have 
taken  place,  this  constitutes  the  homogeneous  feed  to  the  reactor.  A  general  combustion  scheme  which 
summarizes  this  is  shown  in  Table  1.  (13) 

The  feedstream  to,  or  product  stream  from  any  reactor  is  assumed  to  be  composed  of  any  or  all  of  the 
eight  species  in  the  above  scheme.  Fig.  19  shows  the  composition  of  the  general  two  phase  steady  state 
reactor  with  the  liquid  phase  shown  coalesced  for  convenience.  Transfer  from  the  liquid  phase  to  the  gas 
phase  is  represented  by  the  mean  fuel  evaporation  race,  FE.In  addition  it  is  assumed  that  the  mean  resi¬ 
dence  time  of  each  phase  in  the  reactor  is  the  same.  This  assumption  is  incompatible  with  the  existence  of 
a  relative  velocity  between  the  gas  and  the  fuel  droplets  but  greatly  simplifies  the  analysis  and  calcu¬ 
lation  of  fuel  distribution  around  any  particular  reactor  network.  It  is  not  essential  to  assume  this 
however,  and  the  analysis  could  be  modified  to  incorporate  unequal  phase  residence  times.  Transfer  of 
fluid  from  the  unmixed  state  to  the  mixed  state  is  assumed  to  take  place  at  the  rate  (mass  of  unmixed 
fluid)/tD. ,  where  is  the  characteristic  turbulence  dissipation  timi. 

Total  reactor  mass  =  m  +  e 


(35) 
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achieved  by  a  more  modest  model  at  this  stage.  The  problem  of  representing  the  upper  'tail'  of  the  size 
distribution  curve  is  mat  by  placing  all  the  larger  droplets  in  the  upper  size  band.  In  practice,  these 
droplets  would  usually  impinge  on  the  combustor  wall  and  evaporate  there  as  indicated  in  Fig.  10  (Ref.  10). 

The  associated  study  reported  in  Ref.  9.  is  based  on  the  fact,  shown  clearly  in  Fig.  11,  that  the  flow  in 
the  vicinity  of  the  fuel  injector  is  2-dimensional  even  though  the  main  combustor  flow  is  3-dimensional. 

The  detailed  spray  trajectories  can  therefore  be  analysed  in  detail  by  the  2-dimensional  computation.  It 
can  be  seen  that,  for  the  relative  initial  droplet/air  velocity  ratios  associated  with  conventional  atom¬ 
izers,  the  droplets  tend  to  travel  in  straight  lines.  In  general,  as  a  droplet  becomes  small  enough  to  be 
deflected  by  the  hot  gas  flow,  its  life  is  co  short  that  it  quickly  vanishes.  The  dashed  lines  in  Fig. 10 
show  that  the  inclusion  of  finite  droplet  heat-up  time  in  the  computations  only  contributes  about  10%  to 
the  droplet  range.  Thus,  the  evaporation  constant  B  should  be  adjusted,  to  compensate  for  the  relative  vel¬ 
ocity  of  the  droplets  and  their  actual  shorter  residence  time  in  each  grid  cell. 

The  predictions  of  the  droplet  concentration  distribution  is  shown  in  Fig.  12,  whilst  Fig.  13  illus¬ 
trates  the  mass  fraction  of  fuel  evaporated  but  unbumed  assuming  kinetic  control  of  the  reaction.  Such 
information  would  be  invaluable  to  a  designer  concerned  with  quenching  and  the  minimization  of  unbumed 
hydrocarbon  formation  at  engine  idle  conditions.  Our  experiments  indicated  about  0.1%  unbumed  hydro¬ 
carbons  near  the  wall  at  the  combustor  exit,  and  were  thus  consistent  with  the  predictions  although  de¬ 
tailed  quenching  mechanisms  were  not  modelled  in  this  study. 

When  the  fuel  spray  and  two-stage  kinetics  are  included  in  the  model,  the  computation  is  close  to  the 
limits  of  present  day  computers,  both  with  regard  to  fast  memory  capacity  and  speed.  The  approach  of  the 
computational  iteration  to  convergence  can  be  monitored  by  the  normalized  error  in  the  sum  of  the  modulus 
of  the  mass  sources  as  shown  in  Fig.  14.  Although  the  figure  shows  that  there  is  little  improvement  in  this 
error  after  about  80  iterations,  it  was  found  that  the  temperatures  and  associated  concentrations  were 
still  evolving  slightly  even  after  240  iterations.  Fortunately,  the  trends  were  clearly  established  and  it 
was  not  economic  to  continue  the  computation  to  its  ultimate  precision.  The  results  for  exit  velocity  and 
temperature  are  given  in  Fig.  15  and  16  respectively  where  it  can  be  seen  that -the  predicted  and  experiment¬ 
al  values  are  in  remarkably  good  agreement.  The  hot  exit  velocity  profile  should  be  compared  with  the  cold 
case  shown  in  Fig.  7.  The  true  exit  temperature  would  be  slightly  higher  than  shown,  since  the  experimental 
results  are  not  corrected  for  radiation,  and  the  computation  would  have  finally  converged  on  a  slightly 
higher  profile.  Nevertheless,  it  is  considered  that  the  prediction  of  pattern  factor  would  be  most  useful 
to  a  combustor  designer. 

The  predicted  and  measured  exit  concentration  profiles  of  oxygen,  CO  and  COj  at  an  air/fuel  ratio  of 
40  are  shown  in  Fig.  17.  Again,  allowing  for  the  fact  that  the  kinetic  part  of  the  computations  have  not 
completely  converged  the  concentration  profiles  are  in  good  agreement.  The  agreement  between  the  measured 
and  predicted  profiles  at  the  exit  from  the  primary  zone  is  illustrated  in  Fig.  18,  where  the  large  radial 
changes  arc  again  apparent.  In  the  experimental  studies  it  was  found  that  the  fuel  nozzle  gave  a  slightly 
skew  distribution  which  precluded  a  valid  comparison  of  the  predicted  and  measured  circumferential  varia¬ 
tions  in  concentration. 

The  location  of  the  highly  stirred  regions  within  the  combustor  may  be  obtained  from  the  predictions 
of  the  turbulence  dissipation  rate  since  mixing  occurs  by  the  movement  of  molecules  between  adjacent  eddies 
which  simultaneously  dissipates  the  velocity  difference  between  the  eddies.  The  major  stirred  reactor  re¬ 
gions  can  be  clearly  identified  on  Fig.  19. 

4.  STIRRED  REACTOR  MODELLING 

This  second  stage  of  the  calculation  consists  of  a  procedure  which  represents  the  combustor  as  a  net¬ 
work  of  interconnected  stirred- and  plug  flow  reactors  and  includes  a  detailed  kinetic  scheme  for  the  chemical 
species  to  be  considered.  A  model  of  the  fuel  evaporation  and  mixing  rate  is  also  built  into  this  part  of 
the  computation  since  only  the  fuel  which  has  evaporated  and  mixed  with  the  air  can  take  part  in  the  chemi¬ 
cal  reaction.  The  objective  of  this  stage  of  the  computation  is  to  quickly  predict  the  combustion  efficiency 
and  pollution  levels  produced  by  the  particular  combustor  design.  As  with  the  3-dimensional  modelling,  an 
important  aspect  of  the  procedure  is  that  it  should  be  capable  of  predicting  the  trend  of  dependence.  For 
example,  it  is  important  to  be  able  to  predict  the  effect  which  a  finer  fuel  spray  may  be  expected  to  have 
on  the  production  of  nitric  oxide  at  some  particular  combustor  throughput. 

To  set  up  the  network  of  stirred  reactors,  we  require  a  sub-model  for  a  well  stirred  reactor  which 
includes  the  internal  processes  of  fuel  evaporation,  mixing  and  complex  chemical  kinetics.  In  addition,  to 
model  the  sections  of  the  flowfield  where  no  mixing  is  taking  place,  a  plug  flow  reactor  is  required.  This 
can  be  achieved  as  a  sequence  of  differentially  small  well  stirred  reactors  or  in  some  cases  as  a  larger 
poorly  stirred  reactor. 

Previous  stirred  reactor  models  of  combustors  have  been  mainly  confined  to  homogeneous  combustion 
with  ‘'global"  reaction  kinetics,  and  encouraging  results  were  obtained  within  the  limitations  of  this 
approach  (11).  Evaporation  effects  were  later  included  with  some  success  (12). 

Although  the  three  processes  of  evaporation,  mixing  and  reaction  must  occur  simultaneously  in  a  com¬ 
bustor  it  is  convenient  to  consider  that  in  a  steady  state  condition  these  processes  occur  in  series. This 
approach  allows  us  to  calculate  the  reactor  gaseous  phase  composition  after  evaporation  and  mixing  have 
taken  place,  this  constitutes  the  homogeneous  feed  to  the  reactor.  A  general  combustion  scheme  which 
summarizes  this  is  shown  in  Table  1.  (13) 

The  feedstream  to,  or  product  stream  from  any  reactor  is  assumed  to  be  composed  of  any  or  all  of  the 
eight  species  in  the  above  scheme.  Fig,  19  shows  the  composition  of  the  general  two  phase  steady  state 
reactor  with  the  liquid  phase  shown  coalesced  for  convenience.  Transfer  from  the  liquid  phase  to  the  gas 
phase  is  represented  by  the  mean  fuel  evaporation  rate,  F’E.In  addition  it  is  assumed  that  the  mean  resi¬ 
dence  time  of  each  phase  in  the  reactor  is  the  same.  This  assumption  is  incompatible  with  the  existence  of 
a  relative  velocity  between  the  gas  and  the  fuel  droplets  but  greatly  simplifies  the  analysis  and  calcu¬ 
lation  of  fuel  distribution  around  any  particular  reactor  network.  It  is  not  essential  to  assume  this 
however,  and  the  analysis  could  be  modified  to  incorporate  unequal  phase  residence  times.  Transfer  of 
fluid  from  the  unmixed  state  to  the  mixed  state  is  assumed  to  take  place  at  the  rate  (mass  of  unmixed 
fluid)/tj). ,  where  is  the  characteristic  turbulence  dissipation  timi. 

Total  reactor  mass  =  m  +  e 
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Ts  =  m /*2  =  c/e2 

Using  (35)  ts  =  V/^/pg  +  e2/p2) 

Gaseous  phase  mass  balance  +  Ft  =  dm/dt 

Liquid  phase  mass  balance  -  e2  -  FE  =  dc/dt 


Mass  balance  on  the  unmi.  »d  fluid  in  the  gaseous  please  ^ 

d(m  *u)/dt  -  *'B  -  «2  "  o  VtD  +  *  ,  m  ^  -  \  **„  "  ">2  9U  -  ^  +  FE 

Using  (41)  ^u  •  m^-- 
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where  TgD  =  Tg/Tjj  (unmixedness  parameter) 
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Thus  for  a  given  FE,  tgD  and  feed  conditions  (43)  defines  the  proportion  of  the  steady  state  reactor 
gas  phase  which  is  unmixed.  Therefore  the  reactor  composition  prior  to  reaction  may  be  expressed  as 
follows: 
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The  concentrations  of  the  unmixed  species  can  be  obtained  by  performing  the  relevant  species  macs 

balances.  For  example,  unmixed  fuel  vapour  mass  balance  is  as  follows: 
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using  (43). 

The  expressions  for  the  intermediate  concentrations  of  the  mixed  reactants  and  combustion  products  are 
obtained  by  performing  similar  mass  balances  on  the  mixed  portion  of  the  reactor  gas  phase. 

Y*£  »  (  (l-8)(Wu)Y’f  +  «u  m£  tsd)/(1-*u> 

Using  (43)  and  (46) 

Y*f  -  (  (l-B)(Wu)(HTSD)Y'f  +  tsd  W'u(1-B)b'£  +  8)  )  /  (  (l-B)  (l-*'u)  +  tsd)  (47) 

Similarly: 

Y*x  "  <  (l-«(H'u)(lV'x  +  XSD  *'u(l"B)wV  '  <  (1"V  *  tSD) 

Having  defined  the  intermediate  composition  of  the  gaseous  phase,  i.e.  after  mixing  and  evaporation, 
two  further  balances  must  'c  made  to  determine  the  final  reactor  composition.  These  are  the  species  and 
energy  balances  for  the  PSR  tor  the  steady  state.  During  the  reaction  stage  the  mixed  gaseous  phase  concen¬ 
trations,'!*',  are  transformed  to  the  final  concentration  Y>  the  tmmixed  gas  phase  concentrations, to,  do  not 
change  of  course  although  they  do  contribute  to  the  physical  properties  of  enthalpy,  specific  heat  and 
density. 

Chemical  reaction,  mixed  species  mass  balance:- 

n^2  a  • 

——t.  .j —  (y  £  -■  Y-)(l  -  $u)  +  p.  *»  0  ,  (48),  where  i  *>  1,  KT.  MT  »  total  number  of  mixed  gaseous 

PG  V  x  1  species. 


Chemical  reaction,  gas  phase  energy  balar.ee:- 
MT  j.  x  «n,  NT 


E  ^(h.  -  h.)$y  =  ^ 


p  Fw:  ill  <YihnihiHw«)  -  ^ 

v.  1  0  1  1-Nl 

Hj_  =  0  for  adiabatic  operation. 

The  species  kinetic  production  term  is  given  by:  p 


NR 

=  -  6 . . )  (F .  -  B.) 

i  J=1  U  ij  J  3 


(49) 


(50) 


The  forward  and  backward  reaction  rates  are  related  to  the  reactor  gas  phase  species  concentrations  by 
the  following:  - 

MT  KT 

(pc  Yi/WiJij  (5D.  Bj  ‘  bj  X/J  "(PG  <l"V  VWJij  (52), 


Fj  °  f3  Xj  '  HPG  a't>  Yi 

i**l 

where  X.  is  a  third  body  in  a  dissocation  reaction. 

MT 3  n. 

Xj  =£|£  d£j  (  (1-$u)y£/W£),  (53),  The  forward  reaction  rate  constants  are:  f j  =A ^  T  J  exp  (-Ej/RT)  (54) 

The  backward  reaction  rate  constants  are  fixed  by  the  equilibrium  constants :- 
MT  MT 

b.  =  f.  K.  r  .  (6. .  -  a..)  ,  (55)  K.  =  exp  (a..  -  6..)  F.°/RT)  (56) 

J  j  j  xcl  ij  ij  .1  v  '  i«l  ij  13  i 

The  system  of  equations  is  completed  with  the  equation  of  state:- 
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P  " 


MT  y.  NT  a. 

RT  i£x  (1"V  w7  +  RT  iitr  <*u  w7> 

1  +i  1 


•  The  final  reactor  gas  phase  composition  has  thus  been  defined  and  the  final  overall  concenti  :tions 


may. be  expressed  as: 


$  a,  +  (1  -  $  )  yc 
Tu  f  u  f 


and  similarly  for  the  other  species. 

The  complete  set  of  equations  characterises  a  heterogeneous  stirred  reactor  in  steady  state  operation, 
they  reduce  to  the  equations  for  the  homogeneous  case  if  6  is  set  to  zero.  These  equations  are  very  non¬ 
linear  due  to  the  exponential  dependence  of  the  reaction  rates  in  temperature,  additionally  FE  is  a  complex 
function  of  temperature  and  staytime,  tg,  hence  the  WSR  equations  must  be  solved  iteratively. 

The  technique  which  we  have  used  previously  is  the  numerical  method  of  PSR  solution  developed  by 
Osgerby  (14),  in  which  a  Newton-Raphson  correction  procedure  is  employed  to  converge  unto  the  solution  from 
an  initial  guess.  An  alternative  method  of  solution  due  to  Pratt  (15)  has  several  advantages  and  is  now 
preferred.  This  method  uses  Newton-Raphson  correction  equations  in  terms  of  the  leg  variables  and  a  self- 
adjusting  under  relaxation  technique  suggested  by  Gordon  S  McBride  (16)  which  gives  improved  convergence 
and  stability.  The  data  required  for  the  solution  are  a  kinetic  scheme,  rate  data,  thermodynamic  data  and 
feed  conditions.  An  initial  guess  is  provided  by  an  equilibrium  calculation. 

Fuel  evaporation  rates  are  obtained  by  numerically  integrating  the  two  simultaneous  differential 
equations  describing  single  droplet  evaporation  and  viscous  drag  on  a  droplet.  The  spray  is  assumed  to  con¬ 
sist  of  a  number  (usually  20)  of  size  intervals,  each  of  which  is  represented  by  the  interval  mean  diameter. 
The  spray  mean  evaporation  rate  is  obtained  by  integrating  the  equations  over  the  staytime  of  the  reactor  to 
obtain  the  total  fuel  evaporated  in  the  reactor  and  dividing  by  the  staytime.  Initially  the  droplets  have  a 
velocity  relative  to  the  gas  stream,  however,  as  the  drag  forces  acting  on  the  droplets  are  inversely  pro¬ 
portional  to  the  diameter,  the  small  droplets  rapidly  assume  the  local  gas  velocity  whereas  the  larger  drop¬ 
lets  tend  to  retain  their  own  velocity.  There  are  two  modes  of  combustion  possible  for  an  evaporating  fuel 
droplet;  droplet  diffusion  flames  and  droplet  wake  flames.  The  wake  flames  are  generally  blue  due  to  good 
mixing  prior  to  combustion  whereas  diffusion  flames  are  typically  yellow  due  to  soot  formation.  The  velocity 
necessary  to  cause  a  transition  from  diffusional  to  wake  burning  is  a  strong  function  of  the  local  oxygen 
concentration  and  falls  to  zero  at  oxygen  concentrations  in  the  range  14  -  162,  thus  at  such  oxygen  levels 
a  diffusion  flame  cannot  exist.  This  is  generally  the  case  ir.  gas-turbine  combustion.  Using  the  evaporation 
model  of  Vise  et  al.  (17),  we  can  derive  the  static  evaporation  rate: 

ai_  =  --71  —  Jin  (1  +  B  )  ;  where  B  =  C  (T  -  T,  )/L  and  \  -  1.432  x  10~5  CD(T-44.67)2/3  W  m_1K_1 
Ex  ev  ev  p  »  L  P 


*  C„  (59)  cv  *  “ 

„  To  allow  for  the  effects  of  droplet  dynamics  an  empirical  correlation  of  the  type  suggested  by 
Frossling  is  used  (18):-  2  v  r  p 

F  »  n^.  (1  +  0.244  Reh,  (60);  where  Re  ■  - ^ - -  (61) 

In  order  to  incorporate  drag  effects  into  the  model  an  expression  is  required  for  the  acceleration  ex¬ 
perienced  by  an  individual  droplet,  the  expression  derived  by  Vincent  (19)  is  used:- 

~dT^  "  3  ~8~rap  where  CD  "  0,48  +  28/Re'85  (62) 

The  only  information  needed  to  al^ow  calculation  of  the  evaporation  rate  is  the  initial  droplet  size 
distribution  and  the  droplet  initial  velocity,  these  arc  normally  provided  by  correlations  derived  experi¬ 
mentally  for  the  atomizer  in  use.  In  our  studies,  we  use  the  laser  diffraction  drop  size  distribution 
meter  which  we  have  developed,  to  characterize  the  spray  accurately  (20). 

Before  vaporized  fuel  and  oxidant  can  react,  the  respective  molecules  must  be  brought  into  intimate 
contact,  the  physical  processes  involved  are  termed  mixing.  Mixing  is  important  under  combustion  conditions 
since  it  is  usually  the  rate  determining  step,  however  it  is  the  most  difficult  process  to  model  mathemati¬ 
cally.  The  principle  source  of  mixing  energy  in  a  gas  turbine  combustor  is  the  pressure  loss  across  the 
turbulence  generator,  that  is  the  combustion  can.  Since  the  velocity  and  concentration  fluctuations  decay 
simultaneously  it  is  proposed  that  the  degree  of  mixing  is  equal  to  the  degree  of  turbulence  dissipation 
within  Che  flow  system.  An  energy  balance  is  performed: 

Pressure  drop  across  baffle  ■  Energy  "held"  in  flow  velocity  profile  +  turbulence  kinetic  +  dissipation 

« 1  “»VU)2  $  (63) 

It  is  proposed  that  a  characteristic  dissipation  time  xD  »  C*Jte/u'roa}:,  w^ere  C*  =  constant  (unity), 

Jle  =  mean  size  of  energy  containing  eddies  (0.2Y),  u'^^  »  maximum  value  of  the  r.m.s.  velocity  fluctuations. 
But  ts  *>  X/D  (X  =10y)  .'.  tsd  ”  50  (u'/UJ^j.,  thus  using  the  energy  balance  (62),  this  yields  Tgp  «■  50(AP/3q)’ 

Thus  the  unmixedness  parameter,  Tgg,  used  from  equation  (43)  onwards  can  be  related  to  the  system  geo¬ 
metry.  This  parameter  has  high  values  for  good  mixing  (>  200)  and  low  values  (<  5)  cause  "blowout"  due  to 
inadequate  mixing  (fig.  20).  A  mathematical  model  of  each  process  has  now  been  described  and  those  are  com¬ 
bined  using  the  equations  derived  earlier  (35  58).  The  equations  are  solved  in  the  following  way,  firstly 

a  gas  temperature  is  estimated  so  that  an  initial  evaporation  rate  for  the  reactor  can  be  calculated.  Then 
using  the  above  equations  the  homogeneous  feed  to  a  reactor  can  be  calculated  and  an  equilibrium  calculation 
performed  to  generate  the  starting  values  for  the  iterative  calculation.  Several  iterations  of  the  chemical 
species  equations  are  performed  until  the  mass  convergence  test  is  satisfied,  then  the  energy  convergence 
test  is  applied.  If  thin  is  not  satisfied  then  the  temperature  is  corrected  by  (H'  -  H)/Cp  followed  by  re¬ 
calculation  of  the  fuel  evaporation  rate  and  homogeneous  feed  condition,  after  which  the  Newton-Raphson 
scheme  for  solving  the  chemical  species  equations  is  re-entered.  This  decoupling  of  the  energy  equation  is 
used  to  avoid  oscillating  non-convergence  caused  by  the  non-linearity  of  the  temperature  terms.  Pratt  (15) 
suggests  that  a  more  efficient  procedure  is  to  solve  the  fully  coupled  set  of  equations  and  if  oscillating 
non-convergence  occurs  to  partially  decouple  the  energy  equation,  that  is,  variations  of  temperature  do  not 
affect  the  distribution  of  species  concentrations,  but  concentration  changes  are  allowed  to  affect  the 
temperature,  by  setting  che  appropriate  terms  in  the  correction  equations  to  zero.  It  was  found  that  if  the 
fuel  evaporation  rate  was  recalculated  every  time  the  temperature  was  corrected  then  a  slight  instability 
is  introduced  into  the  iteration;  therefore  the  evaporation  rate  is  only  calculated  for  the  first  ten 
iterations  by  which  time  the  correction  is  less  than  5K. 
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We  have  now  derived  a  method  for  solving  an  individual  reactor:-  we  have  to  devise  a  sequence  of  re¬ 
actors  to  represent  the  combustor  under  consideration.  There  are  several  methods  which  can  be  used  to  de¬ 
termine  these  sequences:-  a)  Qualitative  observations  of  combustor  performance,  e.g.  for  a  typical  gas 
turbine  combustor  this  leads  to  a  series  model  consisting  essentially  of  a  stirred  reactor  followed  by  a 
plug  flow  reactor. 

b)  The  distribution  of  "macro  scale  mixing",  derived  from  theoretical  and  experimental  tracer  response 
functions  (e.g.  water  modelling  and  Argon  tracer  studies.)  c)  The  distribution  of  ’micro  mixing'  energy 
within  the  flow;  in  this  irethod  the  stirred  reactors  are  placed  in  the  flow  regions  where  high  levels  of 
turbulence  energy  exist.  As  already  discussed  above,  the  3-D  finite  difference  procedure  is  used  to  deter¬ 
mine  flow  patterns  and  turbulent  energy  distribution  and  hence  derive  the  volumes,  flow  rates  and  inter¬ 
connections  of  the  appropriate  stirred  reactor  network.  An  example  of  a  gas  turbine  combustor  is  shown 
in  fig.  21. 

As  a  simple  illustratior  the  stirred  reactor  network  approach  we  will  discuss  its  application  to 
a  novel  design  of  "blue  flai^e",  low  pollution  burner  built  at  Sheffield  (fig.  22).  Air  is  added  via  a 
Coanda  ejector,  which  causes  controlled  recirculation  of  combustion  products  thus  reducing  the  oxygen 
concentration  in  the  vicinity  of  the  spray  leading  to  wake  burning.  WSR1  is  the  main  flame  zone,  its 
volume  is  set  equal  to  that  of  the  truncated  cone  bounded  by  the  dotted  line  (240  cm^).  The  unmixednesa 
parameter,  Tgo,  for  this  reactor  was  estimated  to  be  300,  i.e.  virtually  perfect  mixing.  The  secondary 
flame  zone  is  represented  by  a  poorly  mixed  WSR2  (volume  280  cm^) ,  this  WSR2  was  estimated  to  have  TgD 
of  10,  (fig.  22).  A  cooling  of  the  recirculation  flow  around  the  narrow  coanda  unit  annulus  is  to  be  ex¬ 
pected  and  was  apparent  from  temperature  measurements  carried  out.  Consequently  a  heat  exchanger  unit  was 
incorporated  into  the  recycle  path  to  ~ake  account  of  this  (fig.  23).  The  kinetic  scheme  used  for  the 
calculations  is  shown  in  table  2,  the  rate  of  reaction  1  is  given  by  :- 

-  “  5.52  x  108.  exp  (-12900/T).  [CJ?  Ji,,,]1.  [02].  P"0,825  (64) 

In  the  experimental  system  water  was  condensed  in  the  sampling  system  therefore  for  comparison  pur¬ 
poses  the  predicted  water  concentration  was  reduced  by  a  factor  of  10  and  all  other  concentrations  adjusted 
accordingly.  The  initial  droplet  size  distribution  was  described  by  the  Rosin-Rammler  expression  based  on 
our  own  experimental  results.  The  spray  initial  velocity  was  calculated  using  discharge  coefficients  based 
on  Tipler's  results  (21),  assuming  that  all  the  droplets  were  projected  with  the  same  initial  velocity. 

6.  RESULTS  AND  DISCUSSION  OF  THE  STIRRED  REACTOR  ANALYSIS 

The  predicted  values  of  NO  and  CO  at  the  burner  exit  (after  WSR2)  are  plotted  against  airflow  rate 
(and  hence  $)  for  a  given  set  of  operating  conditions  'Figs.  24  and  25)  together  with  the  corresponding 
experimental  values.  The  effect  of  fuel  pressure  on  NO  emissions  is  shown  in  Fig.  26  and  in  all  cases  good 
agreement  for  both  trend  and  magnitude  was  obtained. 

We  have  described  a  program  capable  of  predicting  the  performance  of  any  sequence  of  reactors  using  a 
detailed  evaporation  model,  the  Tgp  mixing  model  and  a  detailed  chemical  kimetic  scheme  which  may  be  ex¬ 
tended  as  is  necessary.  However,  several  difficulties  remain,  these  are  mainly  associated  with  the  data 
available  rather  than  with  the  computational  method.  The  principal  problem  is  concerned  with  the  chemical 
kinetic  schemes  available.  The  kinetic  model  currently  in  use  involves  a  global  initiation  reaction  : 

CxHy  +  |  02  +  x  CO  +  |  Hj  using  the  rate  constant  due  to  Edelman  et  al  (22)  eqn.  (66)  followed  by  a  set 

of  radical  reactions  leading  to  complete  reaction.  This  rate  constant  has  recently  been  revised  (Edelman 
&  Harsha  23)  the  previous  value  being  too  fast  by  several  orders  of  magnitude.  This  approach  deals  well 
with  the  lean  combustion  situation  but  rich  combustion  still  presents  a  problem  as  hydrocarbon  fragments, 
radicals  and  oxygenated  species  are  produced  and  must  be  accounted  for  in  the  kinetic  scheme.  In  summary 
there  is  a  need  for  kinetic  information  concerning  the  break-up  of  higher  hydrocarbons  (x  =  10)  under  both 
rich  and  lean  conditions.  In  spite  of  these  difficulties,  on  the  lean  side  of  stoichiometric  the  program 
works  well.  Other  areas  of  improvement  involve  refinement  of  the  model  as  follows  : 

a)  The  evaporation  model.  At  present,  this  is  the  Wise  et  al  (17)  model  with  a  correction  for  droplet 
dynamic  effects.  Further  refinements  to  this  model  based  on  the  work  of  W.  Sirignano  (24),  together  with 
reliable  data  on  transport  properties  and  thermodynamic  properties  at  the  temperatures  of  interest  for 
higher  hydrocarbons  are  the  hoped  for  developments  in  this  area. 

b)  In  the  mixing  field,  studies  of  the  interaction  of  reaction  and  turbulence  and  how  this  is  related  to 
combustor  design  are  needed. 

c)  A  further  weakness  of  the  stirred  reactor  program  is  that  it  cannot,  at  present,  predict  the  forma¬ 
tion  and  agglomoration  of  soot.  This  problem  can  be  approached  from  two  directions.  In  the  first,  we 
assume  that  soot  is  an  undesirable  product  from  gas  turbine  combustors,  and  the  foregoing  design  procedure 
may  therefore  be  used  to  avoid  the  local  rich  conditions  under  which  soot  is  formed,  jljn  the  second,  an 
appropriate  set  of  rate  equations  for  soot  formation,  such  as  those  advocated  by  Magnussen  must  be 
used,  and  these  equations  may  then  be  incorporated  into  the  existing  computer  program  with  a  simple  change 
in  the  input  data.  If  the  fuel  to  be  employed  were  residual  oil  or  coal  which  burn  with  a  more  complex 
process  than  simple  evaporation,  then  the  appropriate  module  of  both  the  computer  programs  would  have  to 
be  modified.  However!  the  modular  nature  of  the  programs  and  simple  physical  form  of  the  variables  allow 
such  changes  to  be  made  relatively  easily. 

d)  At  this  point,  a  brief  discussion  of  the  relationship  between  the  xgD  stirred  reactor  mixing  parameter 
concepts  used  above  and  the  coalescence/dispersion  micromixing  model  of  Curl  (26)  is  relevant.  Curl’s  model 
regards'  the  reacting  mass  as  being. typically  made  up  of  a  large  number  of  equally  sized  ’eddies’  behaving 
as  small  batch  reactors.  Eddies  undergo  collision  from  time  to  time  and  equalize  concentration*  when  this 
happens.  The  model  does  not  claim  to  be  an  exact  description  of  the  processes  occurring  in  a  stirred  re¬ 
actor,  i>ut  predicts  a  decay  in  concentration  of  the  same  exponential  form  as  that  known  to  exist  in  stirred 
systems.  The  general  form  of  the  equation  for  the  rate  of  change  of  the  concentration  probability  density 
function  p(c),  is  given  by  Pratt  (27) 

c 

rjjr  p(c)  *=  a[p0(c)  -  p(c)]  -  |j[r  p(c)j  +  88  /  p(c’)  p(c  -  c’)dc'  -  28  p(c)  (65) 

where  «  “  l/(mean  residence  time)  and  6  is  one  half  of  the  fractional  number  of  cells  coalescing  per  second. 
This  equation  has  normally  been  soived  using  Monte  Carlo  methods,  however,  in  well  stirred  systems  the  method 
of  Katz  et  al  (28)  may  also  be  used  conveniently  to  compare  the  predictions  of  the  coalescence/ dispersion 
model  with  those  of  the  Vulis  (29)  tgo  model  used  here.  For  a  single  stirred  reactor  the  results  are 


2-10 


conveniently  expressed  as  the  degree  of  completeness  of  combustion  (1  -  $)  vs  temperature  and  a  typical 
result  is  shown  in  Fig.  27  (see  Ref.  30  for  further  details).  It  is  quite  clear  from  this  figure  that 
the  same  results  are  obtained  with  either  method.  The  Tgp  method  has  two  advantages  however:  (a)  it  is 
much  quicker  and  simpler  to  calculate,  and  (b)  the  asymptotic  value  of  combustion  efficiency,  limited  by 
unmixedncss  is  simply  1/(1  +  l/Tgo). 

It  may  be  argued  that  the  Monte  Carlo  methods  are  more  advantageous  for  predicting  the  effect  of  local 
(fluctuating)  high  temperatures  in  producing  high  N0X  due  to  the  high  activation  energy  of  the  reaction. 
However,  to  make  these  predictions,  the  joint  probabilities  of  the  concentrations  and  temperatures  are  re¬ 
quired  and  these  are  not  yet  available.  We  must  therefore  judge  by  results,  and  for  the  situations  shown 
in  Figs  24  and  26  it  appears  that  the  method  used  here  gives  acceptable  results.  Indeed,  if  the  rate  con¬ 
stants  for  the  reactions  are  obtained  in  well  stirred  reactors,  then  the  errors  may  be  self  compensating. 
(There  is  a  similar  anomcly  in  the  use  of  mean  temperatures  to  evaluate  the  radiant  heat  flux  from  flames. 
Whilst  the  temperature  fluctuations  should  exaggerate  the  heat  flux  due  to  averaging  the  non-linear  T^ 
term,  however,  it  is  well  known  that  results  acceptable  for  engineering  purposes  may  be  obtained  neglec¬ 
ting  this  effect.)  The  value  of  a  dimensionless  time  mixing  parameter  in  assessing  gas  turbine  com¬ 
bustor  designs  has  beer  demonstrated  by  Mellor  (31).  Ir.  the  preceding  discussion  it  is  suggested  that 
tsd  ^  /  (AP/q).  A  related  expression  is  given  by  the  eddy  break-up  model  Eq.  12,  whilst  Pratt  (27) 
suggests  that  the  local  mixing  intensity  B'ue/k.  Due  to  the  computational  simplicity  of  reactor  network 
modelling  and  hence  its  complementary  role  to  finite  difference  models,  more  effort  is  required  to  evaluate 
a  mixing  parameter  tq  (or  6)  and  residence  time  rs(or  Va),and  to  define  the  interconnections  within  a 
network.  It  is  also  possible  that  the  statistical  variations  in  micromixed  Tgj)  between  macromixed  regions 
could  be  represented  by  a  larger  number  of  cells  in  the  network.  This  approach  would  then  allow  for  the 
limitations  of  the  simple  tsd  model.  The  advantage  of  this  approach  compared  to  that  proposed  by  Pratt  (27) 
is  that  it  eliminates  the  computer  generated  random  selection  procedure  required  by  the  coalescence/dis¬ 
persion  approach  and  is  therefore  much  more  efficient  in  the  use  of  computer  time. 

Evangelista  (32)  suggested  an  interesting  experimental  method  of  estimating  the  mixing  intensity  factor 
B  based  on  the  variance  of  the  response  to  a  step  function  tracer.  A  new  technique  is  presented  in  the 
next  section  to  determine  the  residence  time  distribution  in  a  complex  geometry.  This  allows  the  size  of 
each  sub-reactor  and  their  interconnections  (network)  to  be  determined,  and  by  a  relatively  simple  exten¬ 
sion  would  also  permit  a  micromixing  intensity  factor  td  (or  B)  to  be  determined  for  each  sub-reactor. 

6.  IDENTIFICATION  OF  STIRRED  REACTOR  NETWORKS 

Mixing  in  combustion  systems  is  clearly  of  prime  important  since  it  is  usually  the  rate-limiting  step. 

It  is  also  one  of  the  most  difficult  processes  to  model  mathematically  since  present  day  theories  cannot 
deal  with  the  behaviour  of  individual  molecules.  The  value  of  the  residence  time  distribution  (RTD)  analysis, 
presented  in  this  section,  can  be  appreciated  fully  when  use  is  made  of  such  practices  in  the  ultimate  re¬ 
fining  of  the  inherent  mixing  hypotheses  of  a  finite  difference  formulation. 

The  link  between  the  finite  difference  and  reactor  modelling  consists  of  identifying  the  appropriate  re¬ 
actor  network  from  the  computed  flow  pattern.  The  field  distribution  of  turbulence  dissipation  obtained  by 
the  solution  of  equation  (7)  in  utilized  to  define  possible  stirred  and  plug  flow  regions  with  the  degree 
of  stirring  or  mixing  rate  being  determined  from  the  total  dissipation  within  the  reactor.  Previous  work  by 
Swithenbank  et  al  (11)  can  be  utilized  extensively  in  such  an  analysis.  The  finite  difference  part  of  the 
predictions  can  also  supply  the  local  flow  rates,  temperatures  am  interconnections  between  the  reactors 
forming  the  network. 

Once  an  appropriate  reactor  sequence  with  associated  initial  and  boundary  conditions  is  decided  upon, 
the  full  complexity  of  kinetics,  evaporation,  mixing  and  other  phenomena  are  introduced.  Thus  this 
"piecewise"  approach  to  predicting  turbulent  combustion  circumvents  the  conventional  problems  encountered 
in  physical  and  mathematical  modelling  areas  and  computational  requirements.  The  overall  model  can  be 
said  to  share  in  principle,  several  aspects  of  the  currently  available  "refined"  models. 

Due  to  our  limited  understanding  of  the  reactor  network  and  turbulence/kinetics  interactions,  an  ex¬ 
perimental  technique  which  can  be  applied  to  the  complex  three-dimensional  flows  in  gas  turbine  combustors, 
is  plainly  required  to  investigate  the  phenomena.  Water  flow  visualization  has  been  used  extensively  as  a 
qualitative  method  of  studying  the  reaction  zones,  mixing  zones  and  the  interconnecting  flows  (but  not  at 
present,  the  micromixing  parameter  td).  Clearly  this  method  is  related  to  the  concept  of  the  stirred  re¬ 
actor  network  discussed  above.  One  important  difference  between  water  models  (or  air  models)  and  hot  com¬ 
bustor  flows  is  that  the  former  are  isothermal.  If  geometrical  similarity  is  maintained  and  Reynolds 
Numbers  are  chosen  to  ensure  that  the  model  flow  is  turbulent,  then  as  a  result  of  the  well  known  jet 
similarity  characteristics,  the  flow  patterns  in  the  water  model  and  prototype  will  be  closely  related. 

Using  "partial  modelling"  (33)  methods  in  which  the  diameters  of  the  holes  in  the  combustor  are  increased 
in  proportion  to  the  square  root  of  the  cold  jet  to  hot  chanter  gas  density  ratio,  the  relative  velocities 
and  flow  patterns  are  even  more  closely  modelled.  The  technique  is  not  able  to  take  full  account  of  the 
effect  of  heat  release  on  the  turbulence  structure,  nor  the  effect  of  the  turbulent  fluctuations  on  the 
local  heat  release  rate.  Nevertheless  water  (or  air)  modelling  has  proved  to  be  an  invaluable  tool  for  the 
combustor  designer,  and  Clarke  (34),  for  example,  was  able  to  predict  quantitatively  the  component  pressure 
losses,  flow  distributions  and,  with  the  introduction  of  a  chemical  tracer,  the  exhaust  temperature  profile. 

Theoretical  analyses  by  Dankverts  (35)  and  Zweitering  (36)  showed  how  departures  from  the  assumptions 
of  perfect  mixing  and1 ideal  plug  flow,  could  be  explained  in  terms  of  distribution  functions  for  residence 
times.  Novel  hypotheses  about  segregation,  hold-up,  dead-space,  macro  and  micro-mixedness  and  age  distri¬ 
butions  were  introduced  and  related  rigorously  to  reactor  performance. 

In  the  present  experimental  studies,  highly  specialized  identification  techniques  have  been  used  to 
investigate  their  applicability  to  gas  turbine  combuskor  design.  These  methods  are  based  on  correlation  and 
generalized  least  squares  parameter  estimation  techniques  and  associated  diagnostic  tests.  In  a  different 
context  these  techniques  have  been  used  by  Cummins,  Briggs  anc  Eykhoff  (37)  to  estimate  the  dynamic  system 
response  of  a  heat  exchanger  and  a  distillation  column. 

The  method  is  based  on  the  introduction  of  a  tracer  in  a  pseudo-random  binary  sequence  of  pulses.  In  the 
experiments  described  below,  the  tracer  was  saturated  salt  solution  introduced  through  a  hypodermic  needle 
into  a  water  model  of  the  gas  turbine  combustor.  The  response  of  the-  system  was  measured  by  means  of  a 
conductivity  probe  which  could  be  traversed  throughout  the  chamber.  The  experiments  could  be  conducted 
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similarly  with  a  hot  or  cold  combustor  using  tracers  such  as  mercury  vapour  (38)  or  helium  (39). Similarly, 
by  modulating  the  fuel  flow,  (or  air  flow),  an  infra-red  measurement  of  the  CO  and  CO2  could  be  used  to  in¬ 
vestigate  the  dynamics  of  the  kinetic  processes.  Since  only  the  a.c.  response  signals  are  required,  a  simple 
I.R.  emission  or  absorption  signal  would  suffice. 

The  interpretation  of  the  measurements  is  carried  out  as  follows:-  The  output  signal  from  a  practical 
system  is  almost  invariably  corrupted  with  inherent  micro-mixing  noise  in  the  system.  Assuming  the  validity 
of  linearity,  application  of  superposition  yields: 

Z(t)  =  y(t)  +  n(t)  (66) 

where  Z(t),  y(t)  and  n(t)  represent  the  output  signal,  response  signal  and  noise  respectively.  The  mathe¬ 
matical  expression  relating  the  process  response  and  the  applied  input,  i(t),  is  the  familiar  convolution 
integral,  i.e.  „ 

y(t)  =  /  h(tx)  i  (t-tj)  dtj  (67) 

o 

Here  h(t)  is  the  weighting  function  (or  impulse  response  of  the  process. 

Combining  equations 66  and  67  the  measurable  output  to  an  arbitrary  input  signal  is  given  by:  (inputs 
occurring  at  times  greater  than  Ts  in  the  past  are  assumed  to  ha  _  no  effect  on  the  present  output) : 

T 

Z(t)  =  /  h(t1)  i  (t-tj.)  dt1  +  n(t)  (68) 

The  deconvolution  of  the  above  when  a  short  duration  pulse  is  used  yields: 

Z(t)  *  K1h(t)  +  n(t)  (69) 

where  is  a  constant  determined  by  the  energy  in  the  input  pulse.  The  approximation  becomes  more  accurate 
as  the  pulse  duration  becomes  shorter.  A  step  function  input  yields  the  step  response  which  is  the  integral 
of  the  impulse  response.  The  effect  of  noise  on  the  system  dynamics  represented  by  n(t)  in  the  above 
equation  can  be  substantially  reduced  via  correlation  techniques. 

It  can  be  shown  that  (40)  a  relationship  exists  between  the  input-output  cross-correlation  function 
(ccf)  and  the  input  auto-correlation  function  (acf),  i.e. 

Ts 

Riz  CO  “  /  h  (t.)  R..  (x-  tj)  dt1  +  R.n  (x)  (70) 


Riz  CO  “  /  h  (t.)  R..  (x-  t. )  dt.  +  R.  (x)  (70) 

0  1  1.1  1  1  in 

(c.f.  equation  9) 

where  R£2(x),  R^j(x)  and  Rjn(x)  represent  respectively  the  input-output  ccf,  input  acf  and  the  input-noise 
ccf.  Assuming  Rii(x)  can  be  represented  by  a  delta  function  for  random  inputs,  equation  (70)  reduces  to  the 
following  simple  form: 

Riz  (O  8  h(x) 

The  practical  implementationof  a  random  signal  as  used  in  system  analysis  and  identification  is  a 
pseudo-random  binary  signal,  PRBS. 

The  PRBS  approximates  to  a  truly  random  signal  due  to  the  properties  of  its  acf.  For  a  periodic  PRBS, 
this  can  be  shown  to  comprise  a  series  of  triangular  spikes  of  width  2  t  where  t  denotes  the  bit  interval. 
Furthermore,  due  to  its  constant  spectral  density  the  PRBS  is  persistently  exciting  -  a  desired  quality  of 
the  input  signal  for  parameter  estimation  and  identification  studies,  as  the  variance  of  the  estimated 
system  parameters  is  generally  proportional  to  the  inverse  of  the  power  input. 

Amongst  the  generally  available  identification  techniques  including  correlation  methods,  instrumental 
variables,  maximum  likelihood,  etc,  the  generalised  least  square,  GLS,  algorithm  has  proven  to  be  statist¬ 
ically  sufficient  and  is  linear  in  its  formulation.  The  algorithm  can  provide  unbiased  estimates,  a  de¬ 
sirable  feature,  as  data  acquired  for  the  formulation  of  simple  dynamic  models  is  almost  always  corrupted 
with  correlated  noise  and  the  need  to  evaluate  unbiased  estimates  of  the  process  model  and  of  the  noise 
becomes  apparent.  Additionally,  means  exist  to  apply  various  diagnostic  checks. 

The  algorithm  is  applied  to  discrete  input/output  data  sequences  it,  Zt  (t"l  .  N)  to  produce  op¬ 

timal  models  of  the  form: 

z  =  £■  °JO  j  +  JLi£_L  5t  (72) 

*  f  AOf1)  *  yP  c(Wx)  (  J 

where  p  is  the  number  of  integrations  in  the  system  and  noise  models.  W  represents  the  forward  shift 
operator  and  k  is  the  system  time  delay.  V  is  identified  as  the  differencing  operator  (1-W"1)  and  A,B,C 
and  D  are  taken  to  be  polynomials  of  the  form: 

A(W_1)  H  1  +  a.W-1  +  .  a  W~n  ;  B(W_1)  =  b,H_1  +  . b  W~n  .... 

.1  ^1  ^  1  ^  (73) 

C(W  l)  =  1  +  C.W1  +  . CmWm  :  D(W  l)  =  1  +  d,k~lv _ d  W'm 

In  equation  72  the  rational  transfermfunction  driven  by  the  uncorreTated  sequence  comprises  the 
entire  extraneous  behaviour. 

Equation  72  can  he  re-expressed  upon  removal  of  the  system  integrations  by  data  differencing  in  the 
following  convenient  form:  ,  - 

AZt  =  W_k  Bit  +  ££  Ct  (74) 

It  is  worth  noting  that  unless  ADC~1 =  1,  the  process  parameter  estimates  will  be  biased.  Hence  the 
GLS  aims  to  transform  the  term  ADC“l£t  iteratively  to  an  uncorrelated  sequence  £t  via  the  following  steps: 

i)  The  process  parameters  (ai.bj)  are  initially  estimated  by  an  ordinary  least  squares. 

ii)  The  residuals,  viz,  A  .  A 

et  -  A2t  -  W_l  Bit  (75) 

(A  denotes  estimated  values) 

are  analysed  to  be  subsequently  transformed  by  autoregression. 

F  et  “  5t  A 

iii)  The  process  input  and  output  are  filtered  with  the  autoregression  F  to  yield: 

F  A 

7*  _  X?7  /Id  V 
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iv)  iF  and  Z  are  modified  by  a  new  least  squares  fit  to  commence  another  iteration  cycle  proceeding  from 
step  ii.  The  final  model  is  expressed  in  the  form: 

S(FZt)  »  If*  B  (Fit)  +  F>t  (78) 

The  validity  of  the  estimated  process  and  noise  models  given  by  the  GLS  algorithm  have  to  be  established 
by  diagnostic  checks  for  the  statistical  properties  of  the  models.  Currently  available  diagnostic  algor¬ 
ithms  utilize  model  order  tests  including  determinant-ratio  test,  F-ratio  test,  loss  function  analysis, 
pole-zero  cancellation  and  tests  for  independence.  In  addition,  auto-correlations  the  residuals  and 
cross-correlations  of  the  input  and  the  residuals  can  be  employed  to  reveal  the  adequate  of  the  fitted  model. 

Tentative  values  for  the  time  delay  and  model  order  can  be  obtained  via  the  impulse  response  evaluated 
directly  by  cross-correlation  of  the  input  and  output  for  white  inputs,  equation  (69).  An  alternative  means 
of  extracting  the  same  information  is  to  use  the  determinant  ratio  tests  (41).  The  test  is  especially  val¬ 
uable  in  that  it  limits  the  number  of  possible  model  orders  and  associated  time  delays  prior  co  parameter 
estimation  if  the  signal  to  noise  ratio  is  reasonably  high. 

Loss  function  analysis  and  the  associated  F-ratio  test  are  employed  once  the  process  and  noise  models 
have  been  derived  by  the  GI.S  algorithm.  They  are  primarily  concerned  with  the  behaviour  of  the  error 
function  in  the  neighbourhood  of  N0,  taken  to  correspond  to  the  actual  system  order. 

Additionally,  residual  manipulation  in  terms  of  acf's  provides  a  critical  assessment  of  the  structure 
and  order  of  the  estimated  model.  The  acf  of  the  residuals  is  employed  to  yield  an  indication  of  the 
measure  of  the  whiteness  of  the  residuals.  The  ccf,  on  the  other  hand  establishes  the  statistical  inde¬ 
pendence  of  the  residuals  and  the  process  input. 

The  above  ideas  have  been  applied  using  the  salt  solution  injection  tracer  technique  to  study  the  iso¬ 
thermal  residence  tin«  distributions  in  a  water  model  of  the  Lycoming  combustor  with  the  objective  of 
quantifying  the  stirred  and  plug  flow  reactor  locations.  The  predicted  aerodynamic  patterns  yielded  by  the 
finite  difference  procedures  are  utilized  in  conjunction  with  the  GLS  algorithm  to  determine  the  local 
mixing  history.  A  detailed  description  of  the  experimental  set  up  and  the  measuring  environment  is  given  in 
(7). 

The  investigation  employed  PRBS  and  step  signals  respectively  as  the  system  mode  of  excitation  for 
parameter  estimation  purposes.  The  particular  PRBS  adopted  comprises  a  period  15,  bit  interval  1.1  see 
which  was  fed  to  a  solenoid  valve  introducing  the  tracer.  A  number  of  measuring  stations,  representative 
of  the  distinct  mixing  zones  in  the  combustor,  were  chosen  for  identification  and  parameter  estimation. 

A  typical  sequence  of  operational  steps  adopted  in  such  an  analysis  is  summarized  as  follows: 

A  determinant  ratio  test  was  employed  to  limit  the  number  of  possible  model  orders  for  the  range  of 
time  delays  suggested  by  the  deconvoluted  impulse  response.  GLS  parameter  estimation  was  then  applied  for 
varying  model  orders  and  time  delays.  The  optimum  value  for  the  latter  was  taken  as  that  which  minimized 
the  sum  of  squared  residuals.  Typically  noise  model  orders  of  10-15  were  adopted  in  an  iterative  scheme  of 
5-10  steps.  The  loss  function  was  recorded  for  all  the  different  cases  tried. 

Diagnostic  checks  comprising  mainly  the  evaluation  of  the  acf  of  the  residuals,  ccf  between  the  input 
sequence  and  the  residuals  and  pole-tero  cancellation  were  applied  for  varying  model  orders  and  time  delays. 
'Parameter  estimation  and  subsequent  validation  was  carried  out  in  a  strict  iterative  manner.  Finally  the 
impulse  response  function  corresponding  to  the  estimated  model  was  computed  and  this  was  compared  with  the 
original  weighting  sequence  obtained  from  the  cross-correlation  analysis  of  the  input/output  data. 

Measurements  were  made  at  locations  marked  on  Fig. 2  using  both  the  conventional  step  response  method 
and  the  p.r.b.s,  technique.  The  results  obtained  using  step  changes  in  salt  concentration  are  illustrated 
in  Fig.  28.  The  sharp  cut  off  at  station  2  within  the  primary  jets  is  clearly  demonstrated.  The  recicula- 
tion  in  the  primary  zone  which  beheves  as  a  stirred  reactor  ia  illustrated  by  the  response  at  stations  1, 

7  and  8.  The  time  constant  of  the  exponential  decay  together  with  the  known  primary  flow  rate  of  0.075  i/s 
indicates  an  effective  primary  volume  of  0,2  1  which  is  consistent  with  the  anticipated  value.  The 
secondary  zone  response  is  indicated  by  the  results  at  station  12.  Correcting  the  measured  time  constant 
for  the  effect  of  the  primary  zone  and  the  additional  secondary  flow  gives  the  volume  of  the  secondary 
stirred  reactor  as  O’  15  t 


Turning  next  to  the 

p.r.b.s 

technique,  some  of 

the  results 

obtained  are 

given  as  follows :- 

Station 

Location 

Order 

Time  Delay 

al 

a2 

bl  b2 

7 

Primary 

1 

2 

-  0.5718 

-  112.9 

13 

Primary 

2 

1 

-  0.7527 

-  0.1171 

3.157  -  116.5 

9 

Secondary 

2 

3 

-  0.2929 

-  0.2929 

-  78.34  -  61.83 

14 

Dilution 

2 

4 

-  0.3389 

-  0.5284 

-  17.14  -  112.3 

The  corresponding  response  curves  (together  with  Station  14  integral)  are  shown  in  Fig.  29,  which 
represent  the  fitted  value  of  the  cross  correlation  function.  Integrating  these  curves  gives  a  repre¬ 
sentation  of  the  step  response  which  can  be  used  to  determine  the  residence  time  distribution  as  dis¬ 
cussed  above,  however  it  appears  that  the  p.r.b.s.  method  gives  greater  resolution  as  can  be  seen  by 
comparing  the  response  at  Station  14  with  its  integral.  The  experimentally  determined  cross-correlation 
(pulse  response)  at  station  19  is  particularly  interesting  since  this  point  is  on  the  opposite  side  of  the 
axis  to  the  trace  injector.  The  response  at  this  point  is  therefore  due  to  turbulent  transport  rather  than 
convection.  The  fact  that  it  is  about  identical  to  that  above  the  axis  shows  the  large  scale  of  the  turbu¬ 
lent  transport,  and  this  is  responsible  for  the  fact  that  the  primary  zone  behaves  as  one  large  stirred 
reactor  rather  than  as  six  small  reactors.  The  effect  of  the  reactor  size  is  to  increase  the  throughput  at 
blow-off  (i.e.  large  stability  loop)  as  discussed  in  Ref.  11. 

In  principle  the  value  of  the  mixing  parameter  8  (or  tp)  can  be  crudely  obtained  from  the  location  of 
the  maximum  of  the  variance  of  the  step  response  (see  Ref.  27),  however  in  well  stirred  systems  such  as 
this,  the  location  of  the  maximum  is  so  close  to  zero  that  it  cannot  be  clearly  distinguished.  This 
characteristic  is  easily  demonstrated  by  inserting  representative  values  of  tg-^  and  8  in  Evangelista's 
Equation  tj<<  y(t)  >>  ^  =  (1/(8  -tg"1)  )  in  (  (6  +  ts-1)/2  t3-1)  (79). 

Thus,  taking  a  residence  time  ts  =  1  sec  and  8  >  100  gives  the  time  of  the  maximum  variance  t|<<v(t\»<0>04 

seconds.  Fortunately  in  highly  stirred  systems  such  as  gas  turbine  combustors  the  results  are'  y 
insensitive  to  the  exact  value  of  tp(or  6).  In  fact,  the  combustion  efficiency  is  more  significantly  influ¬ 
enced  by  the  uniformity  of  the  fuel  distribution  and  the  production  of  N0X  may  be -more  influenced  by  the 
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joint  probability  distribution  of  concentrations  and  tenperature  (which  is  at  present  unknown),  than  by  the 
exact  value  of  tp.  Since  probability  distributions  tend  towards  gaussiar.  when  they  depend  on  the  combination 
of  several  other  probability  distributions,  almost  whatever  the  shape  of  the  separate  distributions,  it  is 
likely  that  any  effects  of  the  p.d.f.  on  pollutant  formation  can  be  represented  by  a  maximum  of  five  para¬ 
llel  stirred  reactors  (with  recycle)  in  the  model,  the  size  and  operating  of  each  weighted  according  to  a 
portion  ^,5  the  gaussian  curve. 

If  an  accurate  value  of  rp  were  required  to  determine  the  ultimate  combustion  efficiency  achievable 
by  any  given  combustor  nmax  =  1/(1  +VtSD)then  lb  Is  believed  that  the  noise  term  in  Eq.  72  could  be  used 
to  obtain  this  parameter  quite  accurately,  however  we  have  not  yet  investigated  this  possibility. 

7.  CONCLUSION 

An  overall  modelling  procedure  has  been  described,  and  by  comparison  with  experiment  it  has  been  de¬ 
monstrated  that  all  the  key  physical  and  chemical  factors  controlling  the  behaviour  of  a  real  gas  turbine 
combustor  were  predicted  with  sufficient  accuracy  to  be  of  engineering  value.  It  is  therefore  considered 
..hat  progress  is  being  made  in  this  complex  and  rapidly  evolving  subject. 

8.  ACKNOWLEDGEMENT 


Financial  support  for  this  work  has  been  received  from  the  Science  Research  Council  and  U3AF  grant 
No.  .  This  support  is  gratefully  acknowledged. 

NOMENCLATURE 


i)  Finite  difference  equations 


a 

B 


I , J ,K,L,M,N 
k 
i 
L 


“fu1 


ox' 

m" 


pr 


Absorption  coefficient  for  radiation. 

Driving  force  for  mass  transfer  (dimensionless,. 

Constants  in  the  turbulence  model . 

Specific  heat. 

Constant  in  the  eddy  break-up  model . 

Black  body  emissive  power. 

Mean  square  concentration  fluctuation  of  fuel  species. 
Quantity  in  the  generation  term  for  k. 

Heat  of  combustion. 

Radiation  fluxes  in  the  r,  x  and  0  directions. 

Kinetic  energy  of  turbulence. 

Length  scale  of  turbulence. 

Latent  heat  of  vapourization. 

Mass  fraction  of  a  species  J,  mass  fraction  in  size  range  J. 
Mass  reactions  of  fuel,  oxygen  and  product  respectively. 

Mass  transfer  rate. 


M 

qx,  Qy,  QZ 

RJ 

Rx,  Ry,  Rz 
r 
s 
S 

S_ 


g 


s 

t 

U,  V,  w 


Rate  of  fuel  injection  per  unit  volume. 

Mass  of  a  single  droplet. 

Pressure. 

Net  radiative  transfer  in  the  coordinate  directions. 

Mass  rate  of  creation  of  species  J  by  chemical  reaction. 

A  dependent  variable  for  radiation  fluxes  in  the  three  coordinate  directions. 
Distance  from  axis  of  symmetry,  instantaneous  drop  radius. 

Stoichiometric  mass  ratio. 

Square  of  droplet  radius. 

Scattering  coefficient  for  radiation. 

Source  term. 

Absolute  temperature. 

Local  gas  phase  temperature. 

Droplet  surface  temperature. 

Time. 

Velocity  components  in  the  x,  r  and  z  (or  6)  direction. 


x,  z 

r 

rj,eff 

AV 


e 

P 

o 

c 


$ 


e 


Velocity  vector, 
coordinate  distances. 

Diffusion  coefficient,  gas  phase  transport  property. 
Effective  exchange,  coefficient  for  J. 

Injection  cell  volume. 

Dissipation  rate  of  turbulence. 

Viscosity, 

Density. 

Stefan-Boltzman  constant. 

General  dependent  variable. 

Contribution  of  the  injected  mass  to  the  variable 
Coordinate  in  the  cylindrical-polar  system. 


ii) 


Stirred  Reactor 

A. 

1 

B. 

J 

b. 

J 

B 

ev 


equations 

Pre-exponential  factor  of  the  jth  reaction. 

Reverse  reaction  rate  of  the  jth  reaction. 

Rate  constant  of  the  reverse  of  reaction  j . 

Transfer  number  in  evaporation  rate  equation  [C  (T-T.)/L) 

p  L 


joint  probability  distribution  of  concentrations  and  temperature  (which  is  at  present  unknown),  than  by  the 
exact  value  of  ip.  Since  probability  distributions  tend  towards  gaussian  when  they  depend  on  the  coci>ination 
of  several  other  probability  distributions,  almost  whatever  the  shape  of  the  separate  distributions,  it  is 
likely  that  any  effects  of  the  p.d.f.  on  pollutant  formation  can  be  represented  by  a  maxim'-  of  five  para¬ 
llel  stirred  reactors  (with  recycle)  in  the  model,  the  size  and  operating  of  each  weighted  according  to  a 
portion  of  the  gaussian  curve. 

If  an  accurate  value  of  rp  were  required  to  determine  the  ultimate  combustion  efficiency  achievable 
by  any  given  combustor  nmax  =  1/(1  ♦VtSD^hen  it  is  believed  that  the  noise  term  in  Eq.  72  could  be  used 
to  ibtr.in  this  parameter  quite  accurately,  however  we  have  not  yet  investigated  this  possibility. 

7..  CONCLUSION 

An  overall  modelling  procedure  has  been  described,  and  by  comparison  with  experiment  it  t..s  been  de¬ 
monstrated  that  all  the  key  physical  and  chemical  factors  controlling  the  behaviour  of  a  reai  ,as  turbine 
combustor  were  predicted  with  sufficient  accuracy  to  be  of  engineering  value.;  It  is  therefoi  ■  considered 
-hat  progress  is  being  made  in  this  complex  and  rapidly  evolving  subject. 
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i)  Finite  difference  equations 


a 
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1,J,K,L,M,N 

k 

t 

L 


n.  , 

fu 


J 

m  , 
ox’ 

A*  1 
m 


pr 


Absorption  coefficient  for  radiation. 

Driving  force  for  mass  transfer  (dimensionless 
Constants  in  the  turbulence  model.; 

Specific  heat.; 

Constant  in  the  eddy  break-up  model.; 

Black  body  emissive  power.' 

Mean  square  concentration  fluctuation  of  fuel  spct'es. 
Quantity  in  the  generation  term  for  k. 

Heat  of  combustion. 

Radiation  fluxes  ir.  the  r,  x  and  6  directions. 

Kinetic  energy  of  turbulence. 

Length  scale  of  turbulence.. 

Latent  heat  of  vapourization. 

Maas  fraction  of  a  species  J,  mass  fraction  in  size  range  J. 
Mass  reactions  of  fuel,  oxygen  and  product  respectively. 

Mass  transfer  rate. 


m 

M 

Q\  <k  Qz 

RJ 

R*.  Ry,  Rz 


Rate  of  fuel  injection  per  unit  volume. 

Mass  of  a  single  droplet. 

Pressure. 

Net  radiative  transfer  in  the  coordinate  directions. 

Mass  rate  of  creation  of  species  J  by  chemical  reaction. 

A  dependent  variable  for  radiation  fluxes  in  the  three  coordinate  directions. 
Distance  from  axis  of  symmetry,  instantaneous  drop  radius. 

Stoichiometric  mass  ratio. 

Square  of  droplet  radius. 

Scattering  coefficient  for  radiation. 

Source  term. 

Absolute  temperature. 

Local  gas  phase  temperature. 

Droplet  surft.’0  temperature. 

Time. 

Velocity  components  in  the  x,  r  and  z  (or  9)  direction. 

Velocity  vector, 
coordinate  distances. 

Diffusion  coefficient,  gas  phase  transport  property. 

Effective  exchange  coefficient  for  J. 

Injection  cell  volume. 

Dissipation  rate  of  turbulence. 

Viscosity. 

Density. 

Stefun-Boltzman  constant. 

General  dependent  variable. 

Contribution  of  the  injected  mass  to  the  variable 
Coordinate  in  the  cylindrical-polar  system. 


ii)  Stirred  Reactor  equations 

A^  Pre-exponential  factor  of  the  jth  reaction. 

Bj  Reverse  reaction  rate  of  the  jth  reaction, 

bj  Rate  constant  of  the  reverse  of  reaction  j . 

B  Transfer  nusfcer  in  evaporation  rate  equation  [C  (T-T,  )/l] 

6V  p  L 
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C. 
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dii 

Ei 

FE 

F. 

F* 

i 

£ . 

.3 

«L 

h. 

1 

Kj 

^av 

MT 

in 

NR 

NX 

"j 

P 

p(c) 

h 

q 

R 

Re 

r 

r. 


U 

u' 

V 

vrel 

Wi 

Xi 

a 

aij 

e 

n 
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SD 
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Superscripts 


Subscripts 

1 

2 

G 

L 

f 

N„ 


Overall  gas  phase  mass  fraction  of  ith  species. 

Mean  heat  capacity  of  gas  phase. 

Droplet  drag  coefficient. 

Dissipation  energy  term. 

Third  body  efficiency  of  species  i  in  reaction  j. 

(usually  assumed  to  be  1). 

Activation  energy  of  the  jth  reaction. 

Fuel  evaporation  rate. 

Forward  reaction  rate  of  reaction  j. 

Standard  molar  free  energy  of  species  i. 

Forward  rate  constant  of  reaction  j. 

Rate  of  enthalpy  loss  from  the  reactor. 

Specific  enthalpy  of  species  i. 

Equilibrium  constant  of  jth  reaction. 

Mean  kinetic  energy. 

Total  number  of  mixed  gaseous  species. 

Mass  of  reactor  gas  phase. 

Total  number  of  reactions. 

Total  number  of  gaseous  species. 

Temperature  exponent  in  modified  Arrhenius  equation. 

Pressure. 

Concentration  probability  density  function. 

Rate  of  production  of  species  i  by  chemical  reaction. 

Dynamic  head. 

Universal  gas  constant. 

Reynold's  number  of  droplet. 

Reaction  rate. 

Droplet  radius. 

Temperature. 

Temperature  of  droplet  surface. 

Mean  velocity. 

Fluctuation  velocity. 

Reactor  volume. 

Velocity  relative  to  droplet. 

Molecular  weight  of  species  i. 

Third  body  concentration  in  a  dissociation  reaction  j. 

Reciprocal  mean  residence  time. 

Stoichiometric  coefficient  of  species  i  as  a  product,  in  reaction  j. 

f'E/i^  non-dimens ionalised  evaporation  rate.  Mixing  intensity  factor. 
Massif raction.  of  species  i  in  reactor  mixed  gas  phase. 

Stoichiometric  coefficient  of  speces  i  as  a  reactant  in  reaction  j. 
Mass  of  reactor  liquid  pnuse. 

Mean  thermal  conductivity  of  gas  phase. 

Viscosity. 

Density. 

Index  to  indicate  whether  the  third  body  participates. 

Characteristic  dissipation  time. 

Reactor  residence  time. 
ts/td,  unmixedness  parameter. 

Proportion  of  gas  phase  which  is  unmixed. 

Mass  fraction  of  species  i  in  reactor  unmixed  gas  phase. 

Feed  conditions. 

Intermediate  value  (i.e.  after  mixing  and  evaporation). 

Reactor  inlet. 

Reactor  outlet. 

Gas  phase. 

Liquid  phase. 

Fuel. 

Nitrogen. 

Oxygen. 


cs  General  combustion  species, 

i  Chemical  species  identifier, 

j  Chemical  reaction  identifier. 

E  Evaporation. 

E,F  Forced-evaporation, 
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Table  1.  KSR  COMBUSTION  SCHEME 


(1) 

Liquid  fuel 

-V 

Evaporated  fuel  (unmixed) 

EVAPORATION 

(2) 

Evaporated  fuel  (unmixed) 

Evaporated  fuel  (mixed)  ) 

Oxygen  (unmixed) 

Oxygen  (mixed)  ) 

MIXING 

Nitrogen  (unmixed) 

-4- 

Nitrogen  (mixed)  ) 

(3) 

Evaporated  fuel  (mixed) 

+ 

Oxygen  (mixed) 

Oxygen  (mixed) 

+ 

Nitrogen  (mixed) 

) 

) 

) 

). 

) 

) 

-4- 

Combustion  products 

CHEMICAL  REACTION 

Table  2.  Kerosine  Combustion,  Reaction  Mechanism 
Forward  reaction  rate  data 


Reaction  step 

A. 

J 

E. (cal/roole) 

n. 

J 

C12H24 

+  60 

2  * 

12  H2 

+ 

12  CO 

0.56  x  1012 

CO 

+  OH 

AT— 

CO, 

+ 

H 

544 

0 

H 

+  0 

4 

OH 

0 

0.22  x  1015 

8450 

0 

0 

+  h2 

_» 

OH 

+ 

H 

0.18  x  1011 

4480 

1 

OH 

OH 

+  H2 
+  OH 

h2° 

H,0 

+ 

+ 

H 

0 

0.219  x  1014 

0.575  x  1013 

2592 

393 

0 

0 

H  +  0 

+  M 

L 

OH 

M 

0.53  x  1015 

-2780 

0 

H  +  OH 

+  M 

H,0 

+ 

M 

0.14  x  1024 

0 

-2 

H  +  a 

+  M 

- 

2 

H, 

+ 

M 

0.30  x  1016 

0 

0 

0  +  0 

+  M 

r— 

L 

0, 

+ 

M 

0.47  x  1016 

0 

-0.28 

N 

N, 

+  °2 
+  0 

- 

L 

NO 

NO 

+ 

+ 

0 

N 

0.64  x  10 i0 

0.76  x  1014 

3150 

38000 

1 

0 

N 

+  OH 

NO 

+ 

H 

0.32  x  1014 

0 

0 

h'2+  0 
N,0 

+  M 

+  0 

* 

n2o 

NO 

f 

+ 

M 

NO 

0.162  x  1012 

0.458  x  1014 

1601 

12130 

0 

0 

»2o 

n2o 

+  0 

+  H 

T— 

r* 

n2 

N2 

+ 

+ 

°2 

OH 

0.381  x  1014 

0.295  x  1014 

12130 

5420 

0 

0 

(Backward  reaction  rates  evaluated  from  equilibrium  constants  obtained  from  free  energy  function). 


Fig.l.  Mass  fractions 
and  temperature  v's 
mixture  fraction. 
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Fig.  4.  Cold  flow  radial 
and  tangential  velocity 
profiles. 
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Fig,  3.  Finite  difference  grid. 


■ - ■  RADIAL  PROFILE 

K  ■  A  PLANE  THROUGH  HOLES 


Fig.  5.  Cold  flow  radial  velocity  profiles 
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Fig. 6. Cold  flow  axial  velocity  profiles. 


Fig.  7.  Cold  flow  axial  exit 
velocity-predicted  and  measured 
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Fig. 8.  Exit  turbulence  intensity 
profile  with  combustion. 
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Fig. 9. 


Droplet  size 
distribution. 


Fig. 10.  Predicted  droplet  trajectories  with  and 
without  heat-up  time. 
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Fig. 12.  Predicted  droplet  concentration 
distribution. 


Fig. 13.  Mass  fraction  of  fuel  evaporated 
but  unburned. 


Fig. 11. Axial  and  radial 
velocity  distributions 
in  primary  zone. 

a)  10  mm  downstream  of 
full  nozzle, 

b)  6  mm  upstream  of 
primary  jets. 
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Fig. 14. Mass  source  convergence  criterion  v's  iteration  step  number. 
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Fig. 15.  Predicted  and  measured 
exit  velocity  profile 
with  combustion. 
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Fig.i6.  Predicted  and  measured  exit 
temperature  profile  with 
i  combustion. 


Fig. 17.  Predicted  and  measured  exit 
concentration  profiles. 
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Fig. 19. General  steady  state  well  stirred  reactor  model. 
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Fig. 21.  Reactor  network  model. 
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Fig. 20. Effect  of  mixing  parameter  Tgp  on  WSR 
temperature. 
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Fig. 23.  Blue  flame  burner  stirred  reactor  network. 
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Fig, 22. Schematic  representation  of  blue  flame 
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J  Fig. 26.  Effect  of  fuel  pressure 
»w  (flowrate  and  dropsize)  on  NO. 


Fig. 24.  Predicted  and  measured  Fig. 25.  Predicted  and  measured 
NO  concentrations.  CO  concentrations. 
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Fig. 27.  Comparison  of  tsd  and  B/a  methods  for  step  input, 

for  computing  partially  stirred 
reactor  performance. 
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DISCUSSION 


A.M.Mellor,  US 

Have  you  made  any  in  situ  spray  drop  size  distribution  measurements  with  the  forward  scattering  apparatus?  This 
is  actually  desired  for  input  conditions  for  the  reacting  finite  difference  code. 

Author’s  Reply 

Using  the  laser  diffraction  dropsize  distribution  meter,  we  have  carried  out  s«,mc  measurements  in  emulsified  fuel 
flames  and  steam  assisted  atomizer  flames,  but  not  yet  in  gas  turbine  combustors.  The  effect  of  ambient  tempera¬ 
ture  and  pressure  on  dropsize  distribution  should  be  investigated  urgently. 

The  input  to  the  computations  also  requires  the  droplet  velocity  distribution.  I  wou:d  like  to  emphasize  that  most 
current  methods  of  obtaining  spray  information  yield  spatial  rather  than  temporal  size  distribution  and  it  is  now 
becoming  important  that  we  take  account  of  the  difference.  At  Sheffield  we  are  measuring  the  droplet  velocities 
by  two  techniques.  In  the  first  a  modified  laser  doppler  system  is  used,  whilst  the  second  employs  a  double  flash 
ruby  laser  to  obtain  a  time  lapse  hologram  of  the  spray.  The  diffraction  pattern  of  the  hologram  yields  the  spray 
velocity  distribution  directly. 


J.H.Whitelaw,  UK 

Professor  Swithenbank  said  that  he  would  prefer  to  have  20  droplet  size  ranges  in  his  finite  difference  calculations. 
Our  experience,  in  the  Fluids  Section  at  Imperial  College,  suggests  that  many  fewer  will  be  required  with  the  range 
of  diameters  discussed  in  the  presentation. 

The  phrase  “all  trends  have  been  correctly  predicted”,  used  in  the  presentation  can  be  misleading  to  the  designer. 

In  this  connection,  the  comparison  of  calculated  mean  velocity  profiles,  normalized  with  a  centreline  velocity  in  a 
confined  flow,  can  hide  important  discrepancies.  The  phrase  is  probably  best  avoided  and  the  presentation  of 
comparisons,  by  the  calculating  community  at  large,  requires  greater  consideration  of  the  designers’  requirements. 

Author’s  Reply 

My  proposal  that  20  droplet  size  ranges  is  generally  satisfactory  is  based  on  spray  evaporation  computations  which 
we  carried  out,  (M.W.Vincent  Ph.D.  Thesis  1976),  in  which  we  used  6, 20  and  40  size  ranges  at  typical  gas  turbine 
combustor  operating  conditions.  The  results  for  20  and  40  dropsizes  were  identical  whilst  that  at  6  sizes  showed 
significant  errors. 

With  respect  to  predicted  velocity  profiles,  I  would  suggest  that  both  computational  and  experimental  mass  balance 
requirements  ensure  that  the  weighted  mean  values  will  agree;  It  is  interesting  to  note  in  our  results  that  the  mass 
flow  distribution  does  not  change  much  with  heat  addition  and  the  velocity  profiles  largely  reflect  the  change  in 
temperature  distribution.  If  this  were  a  general  trend  it  could  be  used  to  help  speed  up  the  convergence  of  the 
equations. 


A.Sotheran,  UK 

The  processes  which  determine  the  various  performance  aspects  of  a  combustor  are  known  in  most  cases  and 
empirical  correlations  are. already  adequate  to  ensure  that  new  designs  achieve,  for  instance,  specification  light  up 
characteristics,  idling  efficiency. . .  whilst  NOx  emissions  are  similarly  predictable.  Whilst  modelling  seems  unlikely 
to  improve  design  techniques  in  these  respects,  at  least  in  the  short  term  they  can  instruct  the  designer  on  how  to 
engineer  new  concepts  like  staging.  There  are  new  problems  and  possibilities  on  which  present  background 
experience  is  sparse  or  irrelevant  and  modelling  might  best  concentrate  on  these.  They  include  soot  an'd  particle 
formation,  changing  fuel  properties  and  their  effects,  liner  temperature  and  life  prediction  with  increasingly  arduous 
conditions  and  so  on.  Models  which  ignore  the  major  unknowns  are  seriously  incomplete. 

Author’s  Reply 

I  disagree  with  your  claim  that  current  correlations  are  adequate  for  all  purposes.  For  example,  the  airlines  find  that 
light-up  reliability  is  far  from  ideal  and  scheduled  flights  are  regularly  delayed  by  light-up  problems.  Similarly,  the 
idle  efficiency  of  many  engines  still  leaves  much  to  be  desired.  I  also  expect  the  modelling  techniques  will  help  to 
optimize  staging,  indeed  the  very  concept  of  staging  derives  from  a  model  of  the  combustion  process.  However,  I 
agree  that  modelling  techniques  are  not  yet  fully  developed  and  my  paper  aimed  to  indicate  the  current  state  of  the 
“science”.  With  respect  to  soot  and  particle  formation,  the  paper  by  Edelman  et  al.  at  this  meeting  shows  how 
progress  is  being  made  in  deriving  a  sub-model-for  this  process  which  can  be  readily  incorporated  in  the  overall 
combustor  models  which  were  presented. 

I  welcome  your  comments  on  the  importance  of  liner  temperature  and  life.  The  important  feature  to  predict  is 
the  peak  liner  temperature  and  in  most  cases  this  is  associated  with  non-uniformities  in  the  spray  distribution.  There 
is  relatively  littl $  fundamental  work  on  the.atmoization  process  and  the  factors  which  affect  the  variability  of  the 
spray  and  mixture  distribution  and  I  certainly  advocate  more  work  in  this  area. 


2-20 


Comment  by  R.B.Edeiman,  US 

I  will  be  talking  tomorrow  about  the  work  that  we  are  arguing  in  expanding  the  steps  higher  up  in  the  mechanisms 
to  include  pyrolysis  and  partial  oxidation  particularly  relevant  to  the  question  of  soot  formation. 


C.M.Coats,  UK 

How  sensitive  are  the  stirred  reactor  models  you  have  described  to  uncertainties  in  the  assumed  reaction  scheme, 
particularly  the  representation  of  the  hydrocarbon  chemistry  by  a  single  global  reaction. 

Author’s  Reply 

The  rate  constants  of  the  semi-global  reaction  are  determined  from  stirred  reactor  experiments  so  the  prediction 
of  stability  loops,  etc.  is  quite  accurate.  It  is  difficult  to  assess  the  accuracy  of  the  assumed  reaction  scheme  at  a 
wide  range  of  conditions,  although  the  results  of  network  calculations  carried  out  to  date  appear  reasonably 
satisfactory. 


D.T.Pr-att,  US 

(1)  With  respect  to  Figure  27:  of  course,  both  solutions  agree,  as  they  are  both  asymptotic  solutions  to  the 
problem:  however,  in  poorly-mixed  regions,  they  may  not  agree  with  the  actual  physics,  much  less  with  the 
Monte  Carlo  solution. 

(2)  The  statement  on  p.2-1 0,§  2,  “However,  to  make ....  are  not  yet  available”  is  categorically  wrong.  On  the 
contrary,  the  joint  PDF’s  of  C  and  T  are  predicted;  that  is  in  fact  the  object  of  doing  the  calculation! 

Author’s  Reply 

I  agree  with  these  points  and  believe  that  in  principle  much  more  can  be  extracted  from  stirred  reactor  modelling 
concepts  than  has  been  achieved  to  date.  Much  more  experiemental  and  theoretical  work  is  needed  in  this  area. 


D.C.Dryburgh,  UK 

There  is  a  large  loss  of  resolution  when  one  goes  from  a  3-D  finite  difference  model  with  about  30  000  grid  points  to 
a  network  of  6  or  7  well  stirred  or  plug  flow  reactors.  What  is  the  advantage  of  using  a  reactor  network  instead  of 
the  detailed  3D  calculation? 

Author’s  Reply 

There  are  two  main  advantages  of  the  reactor  network  approach:  Firstly,  it  is  possible  to  include  highly  complex 
chemical  kinetic  schemes  which  would  not  be  possible  with  our  present  3-D  scheme. 

Secondly,  the  computer  time  required  for  our  reactor  network  programme  is  very  small.  Other  important 
advantages  of  the  concept  are  discussed  in  detail  in  Prof.  Pratt’s  paper  in  this  conference. 


J.McGuirk,  UK 

I  would  like  to  question  your  claim  that  the  3D  numerical  solution  you  have  obtained  is  converged.  From  the 
residual  source  variation  you  show  in  Figure  14,  if  the  procedure  is  convergirg  at  all,  it  seems  to  be  converging  to  a 
solution  with  a  mass  source  of  about  2%  -  do  you  not  find  this  disturbing?  if  the  finite-difference  solution  ought  to 
do  anything,  it  ought  to  obey  overall  mass  conservation. 

Author’s  Reply 

If  is  made  clear  in  the  paper  that  the  3-D  computation  was  not  continued  to  ultimate  convergence,  nor  were  the 
relaxation  parameters  optimized,  as  this  would  have  consumed  an  unjustified  amount  of  computer  time.  I  guess 
it’s  a  case  of  the  common  engineering  approach  of  achieving  95%  of  the  results  with  5%  of  the  effort. 


J.P.Patureau,  Fr 

(1 )  Did  you  account. for  radiation  heat  transfer  in  the  WSR  computer  model? 

(2)  How  many  iterations  are  required  (on  the  average)  for  convergence  of  the  WSR  computer  model? 

Author’s  Reply. 

(1) -  Heat  transfer, was  included  in  the  blue  flame  burner  reactor  network  presented  in  the  paper  although  i  t  this 

case  it  was  convective  loss  father  than  radiation.  There  would  be  no  difficulty  in  including  a  simplified  zone 
method  of  radiative  heat  transfer. 

(2)  There  are  various  iterations  carried  out  irt  the  subroutines  of  the  WSR  network  computation.  I  can  best 
answer  your  question  by  saying  that  the  overall  computation  only  requires  two  or  three  minutes  on  a 
medium  size  computer. 
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H.Wilhelmi,  Ge 

The  equations  for  the  computation  or  modelling  of  combustors  became  more  and  more  complicated  in  the  course 
of  the  years,  as  there  is  a  tendency  to  include  additional  parameters.  It  was  mentioned  in  the  presentation  of  the 
paper  that  the  time  required  for  the  solution  of  the  procedure  described  is  about  six  hours  on  a  high  speed  computer. 
How  is  this  in  accordance  with  the  statement  that  it  will  be  possible  in  the  near  future  to  perform  the  same  calcula¬ 
tions  on  a  minicomputer  without  any  simplifying  assumptions  in  the  basic  equations  but  merely  using  convergence 
promoting  features,  grid  optimisation  etc. 

Author’s  Reply 

The  possibility  stems  from  the  fact  that  whilst  bulk  storage  (e.g.  a  disc)  is  necessary  for  the  large  number  of  variables 
involved,  with  appropriate  manipulations  only  a  small  number  are  actually  required  in  “core”  for  computation  at 
any  one  time.  In  spite  of  the  fact  that  the  full  computation  would  require  a  relatively  long  time  on  a  mini-computer 
with  (FPP)  the  situation  would  be  preferable  to  that  at  present  where,  at  Sheffield,  we  can  only  obtain  one  turn¬ 
around  per  week  on  a  larger  machine. 

With  respect  to  future  developments,  the  problem  of  the  slow  “diffusion  of  information”  across  a  fine  grid  can 
probably  be  solved  by  the  super-position  of  coarser  grids  (the  multi-grid  approach).  This  would  give  about  a  three 
fold  increase  in  speed.  A  further  factor  of  about  two  could  emerge  from  the  hybrid  grid  technique.  The 
optimization  of  the  relaxation  parameters  could  give  a  further  two-fold  increase  in  speed.  The  use  of  logarithmic 
values  of  the  concentration  should  make  the  composition  equations  more  linear  and  further  speed-up  the  conver¬ 
gence.  I  therefore  see  about  an  order  of  magnitude  increase  in  speed  in  the  longer  term. 
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Mathematical  Modelling  of  Gas-Turbine  Ccnbusticn  Chanters 
W.P.  Jones  and  J.J.  McGuirk 

Department  of  Chemical  Engineering  and  Chemical  Technology 
Urperial  College 
London  SW  7 


StM-RKY 

A  mathematical  model  for  predicting  the  performance  of  gas  turbine  combustion  chambers  is  described. 
The  model  is  based  on  the  finite  difference  solution  of  the  averaged  forms  of  the  governing  partial 
differential  conservation  equations  and  turbulent  transport  is  approximated  via  a  variable  density  form 
of  the  k-e  turbulence  model.  The  reactions  associated  with  heat  release  are  assumed  sufficiently  fast 
for  chemical  equilibrium  to  prevail  on  ah  instantaneous  basis;  and  the  influence  of  local  turbulent 
fluctuations  in  mixture  strength  accounted  for  by  a  8-prcbability  density  function.  Liquid  fuel  sprays 
are  represented  by  a  transport  equation  for  the  probability  density  function  describing  the  variation  of 
droplet  mass  fraction  with  droplet  radius.  Computations  of.  2-d  axisyrrmetric  and  3-d  flows  are  compared 
with  experimental  results  and  an  assessment  mde  of  the  adequacy  of  the  various  submodels  embodied  in  the 
prediction  procedure. 


D7TRDD0CTI0N 

The  majority  of  gas  turbine  combustion  chamber  designs  in  current  use  have  evolved  over  many  years  of 
largely  empirical  development.  Whilst  this  approach  has  been  relatively  successful  in  the  past,  current 
interest  and  legislation  concerning  the  reduction  of  combustion  generated  pollutant  emissions  has  imposed 
additional  constraints,  so  that  large  departures  from  conventional  design  practice  are  becoming  necessary. 
In  this  case  existing  conventional  design  information  is  of  restricted  value  and  the  development  of  lew 
emission  combustion  chambers  is  thus  an  expensive  and  tr -a- consuming  process.  In  fact  it  is  unlikely  that 
the  necessary  reductions  in  pollutant  emission  levels  can  be  achieved  by  purely  traditional  methods  while 
at  the  same  time  maintaining  the  no  less  important  requirements  concerning  such  features  as  re-light, 
stability,  combustor  exit  temperature  pattern  and  durability;  a  more  fundamental  approach  is  needed.  In 
such  circumstances  the  contributions  which  could  be  made  by  theoretical  procedures  for  predicting  combustor 
performance  are  potentially  substantial.  The  provision  of  such  prediction  procedures  represents  an  area 
of  great  current  interest  and  is  the  subject  of  the  present  paper. 


PFHT-'I'TJS  WORK 

Mathematical  models  for  predicting  ccnbusticn  chamber  performance  can  be  considered  in  general  terms 
to  fall  within  two  groups:  methods  based  on  a  modular  approach  and  those  based  on  finite  difference  solution 
of  the  appropriate  partial  differential  conservation  equations.  The  primary  objective  of  the  former 
approach  is  in  most  cases  the  prediction  of  pollutant  emission  levels  whereas  in  the  latter  wider  objectives 
may  be  considered  (e.g.  prediction  of  outlet  temperature  profiles) .  In  the  modular  approach  spatial 
variations  in  dependent  variables  such  as  velocity- and  temperature  are  largely  ignored  and  no  attempt  is 
made  at  calculating  the  local  detailed  features,  of  the  flew  and  reaction,  except  insofar  as  complex  kinetic 
schemes  nay  be  included.  Instead  the  combustor  is  divided  vp  into  a  number  of  regions  each  of  which  is 
modelled  globally  using  stirred  and  plug  flow  reactor  concepts.  Exhaustive  reviews  of  such  methods  have 
already  been  provided  elsewhere,  Mel  lor  (1  &  2) ,  and  we  will  concern  ourselves  here  only  with  their  general 
features,  by  way  of  illustration  of  which  we  my  consider  one  of  the  more  sophisticated  models,  namely  that 
described  by  Fletcher,  Siegel  and  Battress  (3)  and  Fletcher  and  Keywood  (4) .  In  this  model  the  combustor 
primary  zone  is  modelled  by  a  partially  stirred  reactor  with  assumed  AFR  and  residence  time  distributions 
and  'unmixedness'  described  via  a  single  mixing  parameter,  the  value  of  which  must  be  assigned.  The 
primary  zone  is  followed  by  a  cme-dimensional  plug  flow  reactor  in  which  dilution  air  on  entry  is  assumed 
to  instantaneously  distribute  itself  across  the  combustor.  Thus  in  addition  to  the  essential  arbitrariness 
involved' in  assigning  the  various  reactor  volumes  and  residence  times,  for  any  particular  combustion  chamber, 
a  value  of  the  mixing  parameter  must  be  chosen.  The  model  parameters  depend  strongly  on  the  geometric  and 
other  details  of  the  particular  combustor  being  considered.  They  are  invariable  chosen  so  as  to  reproduce 
seme  measured  emission  level:  the  only  quantity  which  the  model  is  capable  of  predicting.  It  should  be 
appreciated  that  the  above  features  .are  not  peculiar  to  the  model  of  Fletcher  et  alj  the  deficiencies  are 
oermen  to  all  reactor  network  models.  In  practice  the  use  of  such  models  appears  to  be  restricted  to 
interpolation  along  the  operating  curve  of  individual  combustors  for  which  sane  measured  pollutant  emission 
level  data  is  available  and  which  can  be  used  as  a  basis  for  selecting  the  model  parameters.  Even  in  this 
case  it  is  often  not  possible  to  use  fixed  model  parameters  if  it  is  desired  to  encompass  conditions  from 
idle  to  full  power,  e.g.  see  Mellor  (5)  . 


An  alternative  and  much  more  powerful,  approach  is  that  based  on  use  and  fin.M  e  difference  solution  of 
the  averaged  forms  of 'the  partial  differential  conservation'  equations  for  momentum,  mass,  chemical  species 
aind  energy.  This  approach  is  however  also  not  without  its  difficulties  as  in  toe  averaging  process  inform¬ 
ation  is  lost  so  that  the  resulting  equations  are  hot  closed.  Approximations  must  be  introduced  for  unknown 
terms  representing  turbulent  'diffusive'  transport  and  the  ensemble  averaged  values  of  net  formation  rate  of 
toe  various  species  before  solution  is  possible.  However  in  contrast  to  modular  approaches  approximations 
have  to  be  introduced  at  a  much  noire  ‘fundamental  and  soundly  based  physical  level.  In  the  conservation 
equation  approach  approximation  is  introduced  to  relate  well  defined  physical  (i.e.  directly  measurable) 
quantities  whereas  in  modular  approaches  the  modal  parameters  invariably  relate  somewhat  nebulous  and  ill 
defined  global  quantities,  e.g.  reactor  mixedness.  Whilst  requiring  a  large  computer  the  provision  of 
calculation  methods  for  practical  combustion  systems  based  on  finite  difference  solution  of  the  3-dimensional 
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forms  of  the  conservation  equations  has  in  the  past  few  years  become  viable.  An  assessment  of  the 
appropriate  models  required  is  given,  for  exanple,  by  Jones  and  Whitelaw  (6)  and  Bray  (7)  and  the 
approach  has  been  used  to  predito  the  flow  and  carbustion  in  gas  turbine  ccmbustors  by  Jones  et  al  (8) , 
.Serag-Eldin  and  Spalding  (9) ,  Reynolds  et  al  (101  and  Jones  and  Priddin  (11) .  The  approaches  are 
generally  similar  with  sane  not  inconsequential  differences  occurring  in  the  modelling  of  reaction. 

Such  techniques  are  beginning  to  be  used  as  design  aids  by  industry  and  in  cur  view  are  the  only  ones 
profitable  to  pursue. 

Seme  authors  have  attempted  to  carbine  reactor  models  with  finite  difference  flew  solutions.  For 
example,  Hosier,  Roberts  and  Henderson  (12)  modelled  the  combustor  primary  zene  recirculation  with  a  well 
stirred  reactor  and  the  remaining  flew  region  was  approximated  by  a  set  of  reacting  co-annular  one- 
dimensional  stream  tubes  which  exchange  momentum,  mass  and  energy.  Such  modelling  implies  that  the 
caibustor  flew  (excepting  the  primary  zone  recirculation  1  is  two-dimensional  with  a  preferred  flew 
direction  and  no  recirculation .  Clearly  whether  or  not  this  is  an  acceptable  approximation  will  depend 

on  the  particular  combustor  jveing  considered.  Hcwever  in  our  view  the  mass  and  velocity  of  air  entering 
the  oerbustor  through  dilution  holes  will  in  the  vast  majority  of  designs  Be  sufficiently  large  to  ensure 
that  the  cent  'ator  flew  is  three-dimensional  and  elliptic,  i.e.  downstream  influences  make  themselves  felt 
upstream  over  most  of  the  caibustor.  Perhaps  the  most  sophisticated  attempt  to  carbine  reactor  network 
models  anb  finite  difference  solutions  is  that  of  Swithenbank,  Turan  and  Felton  (13) .  A  computer  code 
and  prediction  method  developed  by  Spalding  and  co-workers  was  used  to  obtain  a  full  three-dimensional 
solution  to  tfie  velocity  and  temperature  fields  within  the  caibustor,  albeit  with  a  canbustion  model  making 
no  allowance  for  fluctuations  in  mixture  fraction.  The  velocity  and  turbulent  solutions  were  then  used 
to  select  the  volumes  and  distribution  of  the  various  interconnected  stirred  and  plug  flew  reactors.  The 
selection  of  the  reactor  network  is  now  less  arbitrary  than  in  a  straight  modular  approach,  though  it  still 
depends  on  a  subjective  interpretation  of  the  finite  difference  solutions.  In  cannon  with  other  reactor 
models,  the  technique  allows  only  the  calculation  of  total  pollutant  emission  levels  and  the  problems  in 
assigning  individual  reactor  parameters  remain.  For  example  Swithenbank  et  al  modelled  a  low  pollution 
caibustor  with  an  isothermal  mixer  followed  by  two  well  stirred  reactors.  These  two  stirred  reactors  were 
assigned  unmixedness  parameter  values  as  widely  separates  as  300  and  10  -  the  basis  for  these  values  was 
not  given  •  and  the  model  then  used  to  obtain  prediction  of  NO  and  CO  emission  levels  in  quite  good  agreement 
with  measured  values  over  a  range  of  operating  conditions.  This  was  achieved  in  spite  of  the  fact  that  the 
rate  constant  for.  the  global  fuel  breakdown  reaction  was  too  large  by  several  orders  of  magnitude.  In 
general  there  can, be  no  rational  way  of  estimating  the  values  of  the  unmixedness  parameters  and  they  will  in 
any  case  vary  from  combustor  to  caibustor  and  also  with  the  precise  reactor  network  chosen.  Thus  in  the 
case  of,  say;  a  new  or  novel  combustor  design  one  mic^it  well  question  whether  one  would  be  any  better  off 
guessing  values  for  mixedness  parameters  rather  than  estimating  the  pollutant  amission  levels  directly  after 
a  careful  examination  of  the  finite  difference  solution. 


PRESENT  CONTRIBUTION 

The  purpose  of  the  present  paper  is  to  describe  the  work  being  undertaken  by  the  authors  towards 
developing  a  computational  procedure  for  predicting  combustion  chamber  performance.  As  stated  above  this 
is  based  on  the  finite-difference  solution  of  the  averaged  conservation  equations  governing  the  transport  of 
mass,  moment' m  and  energy  within  the  caibustor.  The  computational  aspects  of  the  procedure  (e.g.  finite- 
difference  formulation,  solution  algorithms  and  techniques  for  handling  irregular  shaped  geometries)  are 
not  discussed  here,  rather  emphasis  is  laid  on  describing  the  physical  models  used  to  approximate  the 
turbulent  transport  processes  and  chemical  reaction;  this  forms  the  topic  of  the  next  section.  Examples  of 
predictions  in  two  and  three-dimensional  flews  are  then  presented  so  that  seme  assessment  may  be  made  of  the 
models  currently  in  use.  Finally,  the  concluding  section  contains  sane  suggestions  for  possible  improve¬ 
ments. 


MATHEMVTICAli  MXEL 

The  problems  associated  with  devising  a  mathematical  model  based  on  solution  of  the  averaged  forms  o y 
the  governing  transport  equations  for  practical  combustion  systems  are  many  and  varied.  In  general  it  n  y 
be  necessary  bo  provide  models,  for  a  large  number  of  separate  but  inter-related  phenomena.  Typically 
models  may,  be  required  to  describe  turbulent  transport  in  variable  density  situations,  to  evaluate  the  time 
(or  ensemble)  aw  j  of  the  net  formation  rate  of  each  of  the  chemical  species  being  considered,  and 

to  describe  radian.,-  neat  transfer,  and  multi-phase  phenomena  including  the  formation  and  consumption  of 
particulate  matter  including  toot  and  liquid  fuel  sprays.  In  tire  case  of  gas  turbine  combustion  chambers 
not  all  of  the  above  phenomena  are  of  equal  importance.  For  example  the  heat  loss  to  the  surrounds  by 
radiative  heat  transfer  is  rarely  greater  than  1%  of  the  heat  release  by  reaction  and  so  its  influence  on 
the  combustor  flew,  heat  release  and  pollutant  formation  processes  can  be  considered  negligible.  Of  course 
if  the  calculation  of  combustor  wall  temperature  is  an  objective  then  radiative  heat  transfer  must  be 
included,  but  this  can  be  performed  after  completion,  of  the  mein  flew  calculation.  Also  neglected  in  the 
present  fonnulation  is  the  formation  and  consumption  of  soot  particles.  Here  it*’ nay  be  presumed  that  the 
amounts  present,  especially  in  the  newer  combustor  designs,  are  sufficiently  small  for  their  neglect  to 
introduce  little  error.  In  principle  there  appears  no  reason  why  the  presence  of  soot  particles  could  not 
be  included  in  the  formulation  but,  as  far  as  the  authors  are  aware,  at  the  present  time  there  does  not 
appear  to  be,  available  a  tractable  scheme  for  describing  soot  formation.  The  determination  of  the  mean 
formation  rates  of  chemical  species  represents  perhaps  the  central  and  unresolved  difficulty  in  developing 
prediction  methods  for  turbulent  reacting  flews.  Essentially  the  problem  arises  because  the  formation 
rates  are  invariably  highly  non  linear  functions  of  temperature  and  species  mass  fractions,  Knowledge  of 
the  mean  values  of  these  latter  quantities  (to  be  obtained  from  the  solution  of  the  appropriate  transport 
equations)  is  insufficient  to  determine  the  mean  value  of  formation  rate,  Fortunately  hewevrr  the  reactions 
associated  with  the  nigh  temperature  oxidation  of  hydrocarbons  usually  have  time  scales  very  short  caipared 
with  those  characteristic  of  the  transport  processes  and  the  assumption  of  (instantaneous),  chemical 
equilibrium  thus  provides  a  reasonable  approximation  under  many  circumstances.  Of  course  it  cannot  be 
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appropriate  under  all  circumstances.  In  particular  the  calculation  of  the  formation  and  amission  levels 
of  pollutants  such  as  carbon  monoxide,  unbumt  fuel  and  nitric  oxide  all  require  consideration  of  finite 
rate  reactions  as  do  ignition  and  extinction  phenomena.  Nevertheless  the  assumption  does  allow  the 
prediction  of  many  of  the  major  features  of  oonbustor  operation.  If  in  addition  to  the  assttipticm  of 
fast  reaction  the  diffusion  coefficients  for  all  species  and  heat  are  taken  to  be  equal  -  an  accurate 
assunpticn  in  turbulent  flow  -  and  the  heat  loss  to  the  surrounds  is  negligible,  then  the  instantaneous 
thermodynamic  state  of  the  gas  is  determinable  as -a  nonlinear  function  of  a  strictly  conserved  scalar 
variable.  All  the  relevant  conserved  scalar  quantitities  are  linearly  related  and  any  one  can  be  chosen: 
here  we  select  a  mixture  fraction,  f,  defined  as  the  mass  fraction  of  fuel  present  both  burnt  and  unbumt. 
Alternative  choices  would  be  the  mass  fraction  of  ary  element  present  or  fuel-air  ratio.  With  the  fast 
reaction  assunpticn  described  above  the  averaged  forms  of  the  appropriate  conservation  equations  for  high 
Reynolds  number  turbulent  stationary  flows  can  be  written  * 


Mass 


(1) 


Momentum 


3p  UjU..  _  3p  _  3p  u£  u^ 
3Xj  3x^  3Xj 


(2) 


Mixture  fraction  3p  Chf  _  3  pu|?" 

3x7  "3x7 

Bbr  liquid  fuelled  systems  the  fuel  droplets  are  described  by 


<Hp5.b  .  _s3  3_f^|L3p  5fb" 
3*j  3s l  s3  J  3x. 


(3) 


(4) 


where  b(s)ds  represents  the  mass  fraction  of  droplets  in  the  droplet  radius  range  s  to  s  +  ds  and  where  s 
is  the  rate  of  change  of  droplet  radius  by  a  process  such  as  evaporation.  Amongst  the  approximations 
implied  by  equation  (4)  is  tte  assumption  that  the  relative  velocity  between  the  droplets  and  surrounding 
fluid  is  zero.  While  this  is  unlikely  to  be  a  good  approximation  for  large  droplets  any  improvements  are 
likely  to  bring  with  them  very  considerable  increases  in  complexity. 

The  averaged  equations  (1)  to  (4)  are  the  forms  resulting  from  a  density  weighted  decomposition  and 
subsequent  averaging  of  the  dependent  variables  where  tildes  represent  density  weighted  averages  and  over¬ 
bars  conventional  averages.  It  should  be  noted  that  equations  (1)  to  (4)  are  similar  to  their  constant 
density  counterparts.  In  contrast  if  conventional  averaging  were  to  be  used  then  additional  unknown 
correlations  involving  the  fluctuating  carpcnent  of  density  would  appear.  Further  details  of  both 
averaging  processes  and  their  relative  merits  is  given  by  Bilger  (14) ,  Jones  and  Whitelaw  (6)  and  Jones  (15) . 

Before  solution  of  equations  (1)  to  (4)  is  possible  approximations  are  necessary.  Ohe  unknown  terms 
involving  ^the  fluctuating  ocnponent  of  velocity  must  be  related  to  known  quantities  as  must  the  mean  values 
of  p  and  s,  the  models  to  be  described  in  the  following  section  are  essentially  those  used  by  Jones  and 
Priddin  (11)  though  there  are  here  seme  differences  in  detail. 


TUKBUU2NCE  MODEL 

Equations  (2)  to  (4)  oontain  turbulent  fluxes  of  momentum  and  the  scalar  quantities  f  and  b  which  are 
here  approximated  via  a  version  of  the  two  equation  k  -  e  turbulence  model  introduced  iy  Jones  (16)  and 
Jones  and  Launder  (27)  and  cast  in  density  weighted  fori.  . 

The  density  weighted  Reynolds  stress  is  obtained  from  ;- 

and  the  scalar  fluxes  given  by  :- 


p  u“f"  = 


°T  3xj 


_  H  ** 

P  u”b"  TP  8b 


°T  3xj 


(6) 


*  In  order  to  obtain  the  results  to  be  described  the  equations  were  cast  in  a  cylindrical 
polar  coordinate,  system  :  for  brevity,  they  are  here  written  using  Cartesian  tensor 
notation. 
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The  turbulent  viscosity  is  expressed  as 


Hj  =  Cup  k2/e  (7) 

where  k  and  e  are  the  density  weighted  turbulence  kinetic  energy  and  dissipation  rate  of  turbulence 
energy,  the  values  of  which  are  obtained  from  the  solution  of  the  transport  equations 


p  U.  3k  _  3 _  f  3kjl 

J  3X.  ~  3xjlok3xjJ 
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+  jL\ 

-2  3X.  taj 


(9) 


Equations  (8)  and  (9)  differ  fron  their  constant  density  counterparts  in  that  a  term  involving  the  product 
of  the  mean  density  and  pressure  gradients  appears.  An  exact  term  comprising  the  product  of  a  fluctuating 
density-velocity  correlation  and  the  mean  pressure  gradient  arises  in’  the  density  weighted  turbulence 
energy  equation.  Bor  this  an  approximation  which  can  be  inferred  from  Jones  (15)  has  been  used.  A  similar 
term  has  also  been  addad  to  the  z-  equation.  Strictly  both  terms  should  be  multiplied  by  a  constant  of 
order  unity.  The  remaining  constants  were  assigned  the  following  values,  found  to  give  good  agreement  in 
a  wide  range  of  2D  shear  flows  (see  e.g.  Launder  and  Spalding  (25)  ). 


C  =  .09  ;  C.  =  1.44 

H  A 


C2  =  1.92  ;  =  1.0  ;  o£  =  1.3  and  oT  =  0.9 


COMBUSTION  MDDEL 

With  the  'fast'  reaction  assunption  outlined  previously  the  instantaneous  chenical  equilibrium  gas 
ocuposition,  tenperature  and  density  can  in  the  case  of  gaseous  fuelled  systems  be  determined  as  a  non¬ 
linear  function  of  the  mixture  fraction  £  <  For  hydrocarbons  explicit  expressions  relating  the  species  trass 
fractions,  temperature  and  density  to  f  cannot  be  obtained  and  the  instantaneous  thermodynamic  state  was 
obtained  as  a  function  of  f  from  equilibrium  calculations  performed  with  the  canputer  programme  described 
by  Gordon  and  McBride  (18) .  For  oaiputational  convenience  the  results  were  then  curve  fitted  via  least 
squares  orthogonal  polynomials.  Now  at  any  location  f  will  fluctuate  with  time  and  so  knowledge  of  the  mean 
value,  f,  is  insufficient  to  determine  t)re  local  mean  values  of  species  mass  fraction, mean  tenperature  or 
mean  fluid  density  and  it  is  necessary  to  know  the  probability  density  function  (p.d.f)  for  f  (or  seme 
equivalent  information) .  Following  manyworkers  we  here  chose  to  specify  a  two  parameter  form  of  the  p.d.f. 
in  terms  .of  the  mean  ?  and  the  variance  f"2.  The  former  is  to  be  obtained  from  solution  of  equation  (3) 
whereas  f"2  is  to  be  obtained  fron 

2 

_3_j  3f"2l  +  2'%/3f  \  -  C_p  e  f" 2  (10) 

3*j  \  oT  3Xj  J  0T  1 3x1 1  £ 


Following  Spalding  (19)  the  constant  Cp  was  assigned  the  value  2.0. 

The  p.d.f.  introduced  is  a  density  weighted  quantity  and  the  definition  allows  the  determination  of 
both  density  weighted  and  conventional '  averaged  quantities  : 

e.g.  $  =  }  <J>(£)  p(f)  df 

o 

(11) 

and  <J>  =  p  /  <»(f)  p(f)  df 

o  p(f) 


p  U-  Jf'2  = 
3  3Xj 


where  $  can  represent  any  quantity  uniquely  related  to  f  including  species  mass  fraction  or  temperature. 
Die  mean  fluid  density  can  be  obtained  via  the  p.d.f.  definition 


Various  forms  of  the  p.d.f.  have  in  the  past  been  proposed.  A  rectangular  wave  variation  of  f 
corresponding  to  a  double  Dirac  6-  function  p.d.f.  was  suggested  by  Spalding  (19)  and  used  by  Gasman  and 
Lockwood  (20)  and  Serag-Eldin  and  Spalding  (9) .  ihe  6-function  form  has  the  attribute  of  simplicity  rather 
than  physical  realism  and  more  realistic  forms  have  been  proposed  and  used.  In  the  present  work  we  will 
utilise  the  8-p.d.f  first  suggested  by  Richardson,  Howard  and  Smith  (21)  and  used  by  Jones  and  Priddin  (11) . 
It  can  be  written  s- 
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p<f)  =  fa~1q-f)b~1  o«fa  (13) 

/fa"1(i-f)b_1  df 

O 

where 

a  =  f  J  f  (1-f)  -  it  ;  b  =  (l-f)a 

IF2  J  f 

For  liquid  fuels  it  is  en visaed  that  the  fuel  droplets  evaporate  to  form  gaseous  fuel  which  on  mixing 
with  air  reacts  in  a  similar  maimer  to  that  assured  for  gaseous  fuels.  However  the  mixture  fraction  f 
previously  defined  new 'includes  fuel  present  both  in  liquid  and  gas  phases.  In  order  to  determine  the 
equilibrium  stare  of  the  gas  mixture  it  is  thus  necessary  to  knew  the  mass  fraction  of  fuel  (burnt  and 
unbumt)  present  in  gaseous  phase.  In  order  to  do  this  it  is  necessary  to  establish  seme  instantaneous 
relationship  between  the  mss  fractions  present  in  liquid  and  gaseous  phases.  Here  possibly  the  simplest 
assumption  is  made,  namely  that  the  ratio  of  mass  fraction  of  gaseous  fuel  (burnt  +  unbumt)  to  the  mass 
fraction  of  fuel  (burnt  +  unbumt)  in  both  liquid  and  gaseous  phases  does  not  fluctuate  with  time.  Die  gas 
phase  mixture  fraction  can  then  be  obtained  from  s- 


CO 


05 


1  -  f  /  bds 
o _ 

t 

Equations  (11)  arid  (12)now  refer  only  to  the  gas  phase  and  the  mixture  fraction  appearing  therein 
must  therefore  be  interpreted  as  the  gas  phase  mixture  fraction.  Ibis  quantity  is  also  used  for  the 
evaluation  of  the  chemical  equilibrium  state. 

For  two  phase  mixtures  the  total  fluid  density  is  given  by  s- 
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1  -  /  b  ds  +  ^2  /  bds 
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(15) 


where  pg  and  pL  are  the  densities  of  the  gas  and  liquid  phases  respectively. 

Finally  to  complete  the  formulation,  following  Williams  (22)  the  instantaneous  rate  of  change  of 
droplet  size  through  evaporation  is  taken  to  be  given  by 


s  = 
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(16) 


where  Pr  is  gas  phase  molecular  Prandtl  nurtoer  and  Ahfg  is  the  latent  heat. 

Die  Instantaneous  gas  phase  enthalpy  h  and  viscosity,  u  are  then  expressed  as  a  function  of 

y  g 

mixture  fraction  and  equation  (11)  then  used  to  evaluate  the  mean  value,  s. 


(XWPUEATIONftL  DETAILS 

Die  closed  set  of  differential  equations  outlined  in  the  previous  section  has  been  solved  by  finite- 
difference  techniques  for  both  two-  and  three-dimensional,  reacting  and  non-reacting  problems  Die 
finite-difference  formulation  uses*  central. differencing  except  in  regions  where  mean  flow  convection 
•dominates  diffusive  processes  in  which  case  donor  cell  differencing  is  used.  Die  computational  scheme  is 
cast  in 'terms  of  the  primitive  variables,  velocity  arid  pressure  and  a  guess-and-oorrect  procedure  is  used 
to  obtain  the  pressure  field,  see  e.g.  Chorln  (23)  and  Patankar  and  Spalding  (24)  .  lack  of  space  prevents 
a  detailed  description  of  the  boundary  coreiitions  used  for  each  individual  problem,  but  wherever  possible 
these  were  deduced  from  the  expier imental  measurements •  D>  avoid  the  necessity,  of  using  fine  grids  near  wall 
boundaries  the  finite-difference  solutions 'were. 'patched  onto  fully  turbulent  local  equilibrium  wall-law 
profiles,  see  e.g.  Launder  and  Spalding  (25).  Information  on ‘the  grid  fineness  and  disposition  is  given 
in  the  next  section  for  each  problan  discussed,  as  is  the  computer  time  and  storage  requirements  where  this 
is  deemed  relevant.  Die-nutber  of  equations  solved) obviously  varies  from  prdilem  to  problem';  for  the 
most  complicated  case  -  a  liquid  fuelled  flame  in  a  3D  carbustor  -  a  total  of  13  differential  equations  iinust 
be  solved,  namely  ;  cgntinufty,  3  mcmentypp  equations,  2  turbulence  model  equations  (k,  e),  equation  for 
mean  mixture  fraction  f  and  its  variance  f"2  and  5  .equations  to  represent  the  droplet  size  distribution. 
These  latter  equations  were  obtained  from  equation  (4)  by  integrating  over  a  given  size  range  to  to 
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obtain  an  equation  for  the  mass  fraction  of  droplets  within  this  size  range.  From  information  on  the 
droplet  size  distribution  produced  by  the  fuel  injector  considered,  5  size  range  bands  were  judged 
sufficient. 

RESULTS  AND  DISCUSSION 

As  an  example  of  predictions  obtained  in  isothermal  flew  in  a  two-dimensional  model  canbustor 
geometry,  the  measurements  of  Owen  (26)  are  first  considered.  The  flew  configuration  consists  of  a 
central  air  jet  surrounded  by  a  faster-moving  co-axial  annular  air  stream,  both  streams  exhausting  into 
a  circular  duct  of  slightly  larger  diameter  -  the  flow  is  therefore  axisymnetric.  At  high  velocity 
ratios  (annulus/jet  velocity)  the  central  air  stream  is  rapidly  entrained  by  the  annular  jet  and  a 
recirculation  region  is  formed  on  the  duct  centre-line;  a  further  negative  velocity  region  is  observed 
near  the  outer  wall  caused  by  the  sudden  expansion  of  the  duct  radius.  In  Figure  1  the  predictions 
obtained  using  the  two-equation  k-e  model  are  compared  with  the  measurenents  of  Owen  (1975) .  The  Figure 
shews  the  predicted  and  measured  position  of  the  separation  streamlines  which  enclose  the  two  recirculation 
regions  described  above  for  a  velocity  ratio  of  12  ;  the  predictions  were  obtained  with  a  fairly  fine 
grid  (40  axial  x  20  radial  grid  nodes)  and  are  believed  to  be  grid  indepdndent.  The  agreement  is  good 
although  both  radial  and  axial  dimensions  of  the  central  recirculation  are  under-predicted,  a  feature 
which  other  authors  have  also  observed  in  calculation  of  free  recirculation  regions  with  two-equation 
turbulence  models. 

Measurements  have  also  been  made  of  reacting  flew  in  the  same  geometry  by  Spadacini,  Owen  and  Bowman 
(27)  ;  in  this  case  the  central  air  jet  was  replaced  by  a  jet  of  natural  gas,  and  the  possibility  of 
introducing  swirl  into  the  annular  air  stream  was  included.  The  flow  field  which  results  under  burning 
conditions  is  shown  in  Figure  2  in  terms  of  predicted  and  measured  axial  velocity  contours.  The  velocity 
ratio  (air/fuel  velocity)  in  this  instance  was  21,  the  overall  equivalence  ratio  0.9,  canbustor  pressure 
3.8  atmospheres  and  the  air  and  fuel  inlet  temperatures  750°K  and  300°  K  respectively.  Figure  2(a)  shows 
results  where  the  air  stream  had  zero  swirl  velocity  and  Figure  2(b)  gives  the  predictions  and  measurements 
for  the  case  where  the  annular  air  stream  also  entered  with  a  swirl  component  of  velocity  (The  swirl  No 
for  the  run  considered  was  0.3  (Swirl  No  =  tangential  momentum  flux/axial  momentum  ilux  x  effective 
annulus  diameter)  ) .  In  the  first  case  a  central,  spheroidal  recirculation  region  measured  as  in  tlva 
isothermal  flow,  and  Figure  2(a)  shews  that  this  is  also  what  is  predicted.  Again  tire  size  of  the  central 
negative  velocity  region  (shewn  shaded)  is  underpredicted.  In  the  reacting  flew  case  the  strength  of  the 
backflow  is  in  addition  found  to  be  too  weak,  the  maximum  negative  velocities  being  only  about  half  of 
those  measured.  Further  the  acceleration  of  the  fluid  along  the  centre-line  is  too  Slav,  particularly  in 
the  swirling  flew  case.  The  qualitative  effect  of  swirl  is  however  reproduced  correctly  in  that  the 
central  negative  velocity  region  changes  in  shape  frem  spheroidal  to  toroidal,  although  again  its  volume 
and  strength  are  underpredicted.  These  calculations  were  made  with  a  20  x  20  finite-difference  grid,  and 
finer  grid  solutions  are  being  obtained  to  check  the  results.  While  it  is  possible  that  the  discrepancies 
result  from  numerical  error  a  much  mare  likely  possibility  is  that  the  inlet  conditions  used  (uniform 
axial  velocity  and  zero  radial  conponent  in  both  streams)  are  incorrect  as  the  data  clearly  indicated 
significant  intermittent  penetration  of  the  flame  into  the  fuel  injector;  extension  of  the  calculation 
domain  upstream  into  the  fuel  jet  and  annular  air  ducts  is  also  being  investigated.  Catporison  of  the 
development  of  the  swirl  velocity  is  shewn  in  Figure  3  which  presents  profiles  across  the  duct  at  three 
axial  stations,  the  agreement  is  quite  good  In  the  outer  half  of  the  duct  but  discrepancies  exist  near  the 
centre-line  at.  larger  downstream  distances.  The  accuracy  of  the  experimental  data  must  also  be  questioned 
however  as  measurements  along  two  radii  (open  and  closed  symbols)  shew  large  asymmetries. 

It  can  be  seen  from  the  above  figures  that  large  changes  in  the  flew  pattern  occur  In  the  immediate 
vicinity  of  the  fuel  injector;  the  measurements  of  temperature  and  species  mole  fractions  were  also 
concentrated  in  this  region  and  Figures  4-7  present  comparisons  for  the  same  two  sets  of  conditions  as 
outlined  above.  Figure  4  presents  predicted  and  measured  temperature  contours  and  indicates  that  the 
introduction  of  swirl  does  not.  change  the  temperature  pattern  strongly  from  that  typical  of  a  turbulent 
diffusion  flame  with  high  temperatures  occurring  in  the  annular  mixing  region.  Slightly  higher 
temperatures  and  larger  axial  gradients  occur  in  the  swirling  flow  case  and  to  is  effect  is  reproduced  by 
the  predictions,  although  the  radial  gradients  are  much  steeper  in  the  calculations  than  in  the  data, 
indicating  a  too  slew  rate  of  mixing.  The  most  noticeable  discrepancy’  occurs  in  the  region  near  the 
centro-line  where  the  predictions  show  the  cold  fuel  jet  penetrating  far  downstream  whereas  the  data 
show  high  temperatures  very  close  to  the  injector.  Again,  this  is  attributable  to  too  slew  mixing, 

possibly  pointing  to  a  turbulence  model  inaccuracy;  however,  the  penetration  of  air  up  into  the  fuel  jet 
would  also  lead  to  reaction  and  higher  temperatures  in  this  initial  region,  and  as  noted  earlier,  the 
inlet  conditions  used  did  not  allow  .this.  In  our  view  this  latter  explanation  is  the  more  probable  and, 
as  can  be  seen,  its  consequences  have  far  reaching  effects  on  all  predicted  quantities  over  large  regions 
of  the  flew. 

The  effect  of  swirl  on  unbumt  hydrocarbon  ard  00  concentration  levels  in  the  first  5  combustor 
diameters  is  unfortunately  not  predicted  correctly.  Once  more  the  slow  mixing  is  in  evidence  since  the 
UIC  contours  penetrate  too  far  downstream;  however,  when  swirl  i?  introduced  (Figure  5(b)  )  the  measured 
reduction  in  unbumt  fuel'  concentration  arid  increase  in  00  levels  (see  Figure  6  (b)  )  is  not  observed.  If 
anything  UHC  contours  are  shifted  downstream,  as  is  t£e  location  of  the  high  CO  levels,  In  complete  contrast 
to  the  measurements.  This  behaviour  is  consistent  with  the  predicted  velocity  fields  for,  although  toe 
correct  influence  of  swirl  was  predicted  hear  the  irilet,  qualitative  discrepancies  in  velocities  were 
evident  further  downstream.  The  'measurements  stow  swirl  to  increase  the  rate  of  recovery  (of  velocity) 
downstream  of  the  recirculation  whereas  the  predictions  indicate  little  change.  As  a  consequence  toe  effect 
of  swirl  on  toe  turbulent  exchange  coefficients'  for  scalar  transport  is  also  not  reproduced.  Similar  dis¬ 
crepancies  occur  ijii  .tKef.CO-'. boitpurs >  although  here  toe  tendency 'for  higher  levels  to  appear  at  the  down¬ 
stream,  stations  with  the  introduction  of  swirl  is  reproduced  hy  the  calculation.  The  predicted  contour  nap 
is  mere  complicated  than  the, measured,  indicaitihcprelative  maxima  along  the  centre  line.  This  results  from 
the  simplified;  equilibrium  analysis  used 'for  toe  2D  natural  gas/air  calculations,  which  is  slightly  inaccurate 
for  mixtures  with . equivalence  ratio  heater  than, about  15. 

The  calculation  of  2D  reacting  flews  such  as  that  described  in  the  previous  paragraphs  is,  it  is 
believed;  essential  to  the  development  of  the  mathematical' rrodel.  Only  in  such  relatively  sirtple  geometries 
can  the  detailed  measurements  be  made  which  are  so  important  if  tire  weak  links  in  tte  mathematical  model  are 
to  be  isolated;  additionally,  for  2D  recirculating  flews  possibility  of  obtaining  fine-grid  solutions 
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not  marred  by  numerical  errors  is  feasible,  whereas  this  is  very  difficult  with  present  core-store 
limitations  for  3D,  recirculating  flews.  It  is  still  worthwhile  however  to  apply  the  mathematical  model 
to  3D  flows  as  useful  information  can  be  gained.  The  nodal  described  earlier  is  at  present  being  applied 
to  the  carbustor  in  Figure  8;  at  the  time  the  calculations  were  performed  not  all  details  concerning  the 
fuel  injector  were  knewn,  so  oily  preliminary  results  are  presented  here.  The  carbustor  is  basically 
cylindrical  in  shape  with  eight  rews  of  air  holes,  the  first  containing  4  (regularly  spaced)  holes  and 
all  others  containing  8  holes.  The  symmetry  properties  of  the  geometry  meant  therefore  that  only  a  90° 
sector  had  to  be  considered  if  cyclic  boundary  conditions  were  used  on  the  two  extreme  circumferential 
planes.  Four  separate  air  feeds  enable  the  air  supply  to  each  rew  of  holes  to  be  calculated,  and  also 
that  to  the  vaned  swirler  (the  protrusion  of  the  swirler  into  the  carbustor  was  neglected) .  Liquid 
kerosene  fuel  was  injected  using  a  swirl  atomiser  which  in  the  experiments  produced  a  spray  angle  of  95° 
with  a  mean  droplet  diameter  of  about  50  pm  ;  finally  the  ocoling  air  temperature  was  set  at  500°  K  and 
the  swirl  Number  at  0.38  (30°  vane  angle).  Hie  calculation  was  performed  using  a  25  x  15  x  10  grid 
(axial  x  radial  x  circumferential)  which  meant  that  details  fo  the  flew  through  the  swirler  and  the  dilution 
holes  could  not  be  resolved  accurately.  Carputational  tire  and  storage  requirements  were  approximately 
28  minutes  CPU  time  per  100  iterations  and  150  K  words  central  memory  (IBM  360/195) . 

Figure  9  shows  the  predicted  and  measured  tarperature  fields  on  a  circumferential  plane  displaced 
22.5°  from  the  vertical  plane  of  the  ccnbustor  as  it  is  sketched  in  Figure  8  ;  this  plane  contains  neither 
the  dilution  air  holes,  nor  the  gaps  between  the  swirler  vanes,  but  these  are  indicated  in  the  figure  for 
reference  purposes.  In  the  measurements  the  high  temperatures  in  the  primary  zone  extend  right  out  to  the 
liner  wall,  indicating  cciplete  penetration  of  the  fuel,  probably  with  impingement  of  sane  fuel  droplets  on 
the  outer  wall.  At  present  the  predictions  display  a  quite  different  behaviour  resulting  from  a  much  too 
shallow  spray  angle;  the  droplets  evaporate  too  slowly  and  slow  little  spread  causing  local  equivalence 
ratios  to  be  everywhere  much  richer  than  measured.  Accordingly  the  temperature  is  everywhere  too  lew  and 
the  existence  of  fuel  in  the  vicinity  of  the  centre-line  right  to  the  exit  of  the  carbustor  is  qualitatively 
incorrect.  Some  high  teiperatures  are  predicted  in  the  outer  regions  interspersed  with  cool  areas  near 
the  dilution  air  entries,  but,  in  the  initial  part  of  the  carbustor,  these  are  caused  by  recirculation  of 
burned  products  from  downstream  between  the  air  jets,  and  the  observation  that  the  fuel  does  not  penetrate 
into  the  outer  areas  ram  ins  valid;  Predictions  of  UHC  and  00  concentrations  display  similarly  incorrect 
features  when  capered  with  measurements.  The  reasons  for  the  completely  incorrect  spray  angle  are  at 
present  under  investigation;  it  may  be  that  the  conditions  assumed  at  the  injector  exit  are  inaccurate  or 
that  the  method  of  inputing  the  spray  angle  is  inadequate.  Alternatively  the  assumption  that  the  droplets 
follow  the  instantaneous  gas  velocity  nay  be  at  fault  -  further  calculations  are  being  undertaken  to  isolate 
the  cause  of  error. 

CONCLUSION 

The  paper  has  given  a  description  of  the  work  being  undertaken  towards  developing  a  mathematical  model 
for  gas-turbine  oembustion  chambers  based  on  finite-difference  solution  of  the  averaged  equations  governing 
the  transport  of  mass,  momentum  and  heat.  The  models  for  approximating  turbulent  transport  and  chemical 
reaction  are  being  tested  by  calculating  isothermal  and  reacting  flews  in  2D  carbustor  geometries,  and  the 
application  of  the  present  scheme  to  a  move  realistic  3D  carbustor  is  under  way,  although  only  preliminary 
results  could  be  shewn  hare;  a  oaplete  report  of  the  performance  of  the  model  in  this  3D  geometry  will  be 
presented  elsewhere.  The  predictions  for  the  2D  gaseous-fuelled  carbustor  indicate  that  the  presently  ased 
models  are  capable  of  calculating  the  flow  pattern  And  heat  release  fairly  well,  although  lack  of  knowledge 
concerning  inlet  conditions  often  makes  definite  conclusions  difficult  to  make.  Whilst  this  uncertainty  in 
the  inlet  conditions  can  account  for  a  large  part  of  any  discrepancy  between  measured  and  predicted  quantities, 
there  are  -also  some  indications  of  a  failure  of  the  k-e  turbulence  model  to  provide  a  sufficiently  accurate 
representation  of  turbulent  transport.  This  is  particularly  so  in  the  case  of  flews  with  swirl.  If  these 
inlet  condition  and  turbulence  model  uncertainties  could  be  removed  then  a  substantial  improvement  in  the 
prediction  of,  say,  the  temperature  and  species  concentration  fields  would  undoubtedly  result.  It  appears 
likely  that  the  ccnbustion  model  used  here  would  then  be  adequate  as  far  as  the  calculation  of  irajor  species, 
tenperature  and  heat  release  is  concerned.  However,  the  accurate  prediction  of  pollutant  emissions  will 
undoubtedly  necessitate  sane  improvement  in  the  present  scheme.  For  example,  although  the  primary  zone  CO 
levels  are  quite  well  predicted,  ccnbustor  CO  emission  levels  under  idle  pewer  conditions  wculd  certainly  be 
in  error  with  the  present  equilibrium  model.  The  first  improvement  would  be  to  allcw  for  the  finite-rate 
oxidation  of  00  to  CO,  ;  this  will  involve  the  inclusion  of  an  assumed  form  for  a  two-dimensional  joint  pdf 
and  the  solution  of  additional  differential  equations  for  the  mean  and  the  variance  of  the  00  mass  fraction  and 
for  the  00  and  mixture  fraction  covariance.  Other  extensions  to  the  present  model  planned  are  to  include 
the  prediction  of  nitric  oxide  emissions  using  the  model  outlined  in  Jones  (15)  and  to  apply  the  2D  calcula¬ 
tion  procedure  to  the  liquid-fuelled  flames  irea lured  by  Spaducini  et  al  (29)  in  the  same  axi-synmetric 
oembustor  as  investigated  here;  this  will  enabx.'.  the  droplet  model  to  be  adequately  tested. 
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Figure  1 


Isothermal  co-axial  confined  jet  flew  -  separation  streamlines 


DISCUSSION 


D.T.Pratt,  US 

On  p.2,  you  overstate  the  case  when  you  state  “in  general,  there  can  be  no  rational  way”  etc. . .  This  is  true  of 
Fletcher  and  Hey  wood  parameter  which  is  really  a  standard  deviation  of  a  Gaussian  (F/A)  ratio  distribution. 

However,  Swithenbank’s  j3  (or  Tgp)  is  easily  estimated  by  ~-y/AP  or  e/k  ;  the  former  of  course  from  experi¬ 
mental  measurement,  the  latter  perhaps  from  such  a  model  as  you  propose. 

Author’s  Reply 

In  our  view  the  construction  of  stirred  reactor  models  necessarily  involves  a  very  large  number  of  essentially 
arbitrary  and  ad  hoc  assumptions  related  to  the  selection  of  reactor  volumes,  and  their  locations,  residence  time  and 
‘mixedness’  parameters.  At  what  stage  the  maximum  uncertainty  arises  will  in  general  depend  on  the  particular 
model  being  considered.  However  to  turn  to  the  ‘mixedness’  parameter  Tgp  to  which  Professor  Pratt  refers  1  am 
afraid  that  I  simply  do  not  agree  that  there  is  a  rational  basis  for  selecting  its  value.  Relating  rgo  to  \/aF  involves 
a  number  of  what  appear  to  be  extremely  dubious  assumptions  which,  for  example,  take  no  explicit  account  of  the 
system  geometry.  In  any  case  one  is  still  left  with  the  problem  of  determining  the  constant  of  proportionality  and 
how  one  does  this  while  still  leaving  something  to  predict  is  not  at  all  clear.  The  alternative  suggestion  of  relating 
tsd  to  the  local  turbulence  time  scale  k/e  which  could  be  extracted  from  a  finite  difference  solution  does  not 
remove  the  difficulty.  The  turbulence  time  scale  is  a  local  quantity  which  will  have  different  values  at  each  spatial 
location.  However  for  a  stirred  reactor  model  some  average  single  value  appropriate  to  the  total  reactor  volume  is 
required  -  but  how  precisely  is  this  average  to  be  formed?  This  is  in  addition  to  the  arbitrariness  introduced  via 
the  estimation  of  mean  residence  time. 


J.H.Whitelaw,  UK 

It  is  possible  that,  in  the  comparisons  which  you  presented  the  turbulence  model  is  more  at  fault  at  a  swirl  number 
of  0.3  than  at  higher  or  lower  values?  Our  experience*  with  a  swirl  number  of  0.23  and  a  similar  geometry ,  suggests 
that  there  is  a  region  of  flow  with  swirl  numbers  which  give  rise  to  small  regions  of  central  recirculation,  where  the 
eddy  viscosity  model  gives  rise  to  more  significant  errors  than  at  higher  or  lower  swirl  numbers. 

*M.Habib  and  J.H.Whitelaw 

Measured  velocity  characteristics  of  confined  coaxial  jets  with  and  without  swirl.  To  be  published  in  J.  Fluid  Eng. 
Author’s  Reply 

The  experiments  quoted  by  Professor  Whitelaw  certainly  confirm  our  contention  that,  as  in  the  comparisons  shown 
in  our  paper  for  reacting  flow,  a  two-equation  turbulence  model  does  not  adequately  account  for  the  effect  of  swirl 
on  the  turbulent  transport  as  the  swirl  number  is  increased  from  zero  to  an  intermediate  value  of  0.2-0. 3.  Other 
calculations  we  have  performed  at  a  higher  swirl  number  (0.6)  also  indicate  the  same  inadequacies,  and,  as  far  as  we 
are  aware,  there  is  no  evidence  that  the  turbulence  model  performs  any  better  at  even  higher  swirl  numbers. 


R.B.Edelman,  US 

Do  you  establish  grid  independence  and  convergence  of  your  solution?  What  was  the  grid  network  you  used? 
Author’s  Reply 

We  have  grid  independent  solutions  and  convergent  solutions  in  2-D  calculations.  In  3-D  calculations,  I  think  it’s 
not  generally  possible  to  establish  whether  or  not  a  good  independent  solution  is  obtained.  Indeed  1  think  it’s 
unlikely  that  you  can  get  a  true  good  independent  solution.  We  used  a  mesh  of  25  x  1 0  x  1 5.  We  used  about  1 50 
words  in  the  central  memory.  We  did  not  use  any  secondary  storage.  The  calculation  time  was  28  minutes.  Good 
independent  solutions  in  3-D  calculations  are  a  major  problem. 
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Abstract 

A  prediction  model  for  turbulent  diffusion  fiames  burning  gaseous  fuels  is  developed 
and  applied  to  H2-air  flames.  In  the  (simplified)  system  of  chemical  reactions  the  fast 
reactions  are  assumed  in  partical  equilibrium  whereas  three-body  recombinations  are  treated 
in  non-equilibrium.  For  the  H2-air  flames  this  assumption  leads  to  a  description  of  the 
reacting  system  with  only  two  variables  f  and  r.  Two  methods  of  treating  such  a  system  in 
a  turbulent  flow  are  discussed  :  (1)  modelling  and  solving  tiansport  equations  for  first 
and  second  order  moments  of  these  variables  and  prescribing  the  form  of  the  pdf  of  f  and 
r  as  a  function  of  the  selected  moments,  or  (2)  modelling  and  solving  the  equation  for 
the  pdf  of  f  and  r.  Both  sets  of  equations  are  complemented  with  a  modified  version  of 
the  k-e  turbulence  model.  The  NO-formation  in  such  flakes  can  be  calculated  using  the 
non-equilibrium  values  (mean  valuesand  covariances)  of  the  0  and  H  radicals.  The  results 
obtained  with  both  models  are  compared  with  experiments  and  show  good  agreement. 


LIST  OF  SYMBOLS 

An  coefficient  of  pdf 

A  f  Arrhenius  coefficient 

c  mass  fraction 

CQ,cei ,cC2,ce3  a  turbulence  model 

c.. ,c  ,c  ,c  i  constants 

64  pUl  pVt  p  V  2  [ 

C  ,C  I 

T 1  t2  j 

D  nozzle  diameter 

D  ,  Arrhenius  coefficient 

a ,  1 

E  entropy 

F  .  Arrhenius  coefficient 

a ,  J 

f  mixture  fraction 

ga  acceleration  of  gravity 

g  variance  of  mixture  fraction 

H  hydrogen 

h  enthalpy 

K  :  reaction  rate  expression 

(X  >  1 

k  kinetic  energy  of  turbulence 

L  number  of  statistical  moments 

M  inert  component 

M^  molar  mass 

m  number  of  scalar  variables 

N  nitrogen 

n  number  of  components  in  mixture 

Greek  symbols 

a  Arrhenius  exponent  (forward,  step) , 

exponent  of  beta-function 

8  Arrhenius  exponent  (backward  step), 

exponent  of  beta-function 

Y  coefficient  of  pdf 

<$  Dirac  pseudofunction 

«ag  Kronecker  symbol 

e  dissipation  rate 

r  molecular  transport  coefficient 

X  source  term  of  r-equation 

i [i  concentration 


0  oxygen 

P  probability  density  function 

p  pressure 

P  transition  probability 

q  a  priori  probability 

R  gas  constant 

r  reaction  variable 

Re  Reynolds  number 

S  source  term 

Sc  Schmidt  number 

s  value  of  r 

T  temperature 

t  time 

u  longitudinal  velocity  component 

v  velocity  vector 

a 

v  radial  velocity  component 

w  kinetic  source  term 

X1  component  symbol 

x  Cartesian  coordinate 

a 

x  longitudinal  coordinate 

y  radial  coordinate 

z  atomic  mass  fraction,  value  of  f 


$  flow  variable 

ti  product 

p  density 

a  Prandtl /Schmidt  number 

u  dynamic  viscosity 

un  statistical  moment  of  order  n 

v  kinematic  viscosity 

t  time  scale 

<•>  ensemble  average 
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Superscri pts 

o  nozzle  exit 

«  ambient 

-  unweighted  mean  value 

1  fluctuating  part 

Subscripts 

b  backward 

D  turbulent  viscosity 

e  equilibrium,  ambient 

f  forward 

i  component  in  mixture 

J  jet  pipe  exit 

1.  INTRODUCTION 


instantaneous 
u  unburnt 

v  burnt 


j  component  in  mixture 

i  component  in  mixture 

o  reference  value 

t  turbulent 

a  Cartesian  component 

8  Cartesian  component 


The  prediction  of  the  turbulent  and  chemically  reacting  flow  in  gas  turbine  combustors 
is  an  extremely  complex  problem  and  far  from  a  satisfactory  solution.  The  investigation 
of  turbulent  diffusion  flames  is  a  step  in  gaining  predictive  capabilities  for  such  com¬ 
plex  phenomena.  Diffusion  flames  contain  all  the  important  physical  and  chemical  processes 
but  are  structurally  simpler  than  combustors.  The  mathematical  treatment  of  turbulent 
diffusion  flames  leads  to  the  well-known  closure  problem  for  moment  equations  which  is 
aggravated  by  an  increased  number  of  fluctuating  field  variables  due  to  the  heat  release 
and  different  molar  masses  of  mixture  components.  For  this  reason  the  complete  predic¬ 
tion  model  is  built  up  from  :  the  thermo-chemical  model  describing  in  a  reasonably  sim¬ 
plified  way  the  instantaneous  transfer  of  mass  and  energy,  the  turbulence  model  descri¬ 
bing  the  turbulent  fluxes  of  mass,  momentum  and  energy,  the  coupling  model  which  links 
thermo-chemical  and  turbulence  mod°l  by  providing  the  information  about  the  probability 
density  function  of  the  scalars  in  the  thermo-chemical  model  that  are  described  by  dif¬ 
ferential  transport  equations.  The  pdf  plays  a  central  role  in  this  model  because  it  is 
essential  for  the  calculation  of  the  mean  thermodynamic  state  of  the  flame  at  any  point 
of  the  flow  field.  The  thermo-chemical  model  for  H2-air  diffusion  flames  is  based  on  a 
simplified  (Ref.  30)  reaction  mechanism  for  H2-combustion  and  assumes  partial  equilibrium 
for  fast  reactions  but  treats  the  slow  three-body  recombinations  kinetically  (Ref.  5). 

The  turbulent  model  is  based  on  the  k-e  model  of  Jones  and  Launder  (Ref.  18)  and  is 
written  in  terms  of  unweighted  statistics.  To  include  properly  density  fluctuations  the 
modelled  equations  for  the  density-velocity  correlations  are  added  to  it.  For  the  coupling 
model  two  different  approaches  to  obtain  the  (two-dimensional)  pdf  are  discussed  and  the 
computationally  most  efficient  method  is  chosen  for  the  current  prediction  model.  The 
model  is  then  applied  to  several  H2-air  diffusion  flames,  for  which  experimental  data 
including  NO-formation  are  available,  to  evaluate  its  properties. 

2.  THE  CLOSURE  MODEL 


The  flow  in  turbulent  flames  burning  fossile  fuels  is  extremely  complex  and  a  complete 
mathematical  description  involves  an  infinite  set  of  nonlinear  partial  differential  equa¬ 
tions.  This  complexity  is  due  to  the  turbulent  nature  of  the  flow  and  the  complicated  set 
of  chemical  reactions  essential  to  the  description  of  the  instantaneous  transfer  of  mass 
and  energy  in  gaseous  systems.  Consequently,  the  development  of  a  closure  model  will 
consist  of  two  parts,  one  devoted  to  the  thermo-chemical  processes  and  the  other  to  the 
turbulent  fluxes.  The  link  between  them  will  be  provided  by  the  pdf  of  certain  scalar 
variables  which  will  be  constructed  from  a  small  set  of  statistical  moments. 

2 . I  The  thermo-chemical  model 

The  assumptions  concerning  the  instantaneous  transfer  mechanisms  for  mass  and  energy 
are  loosely  termed  thermo-chemical  model.  The  dispersion  of  liquid  fuel  in  sprays  and  its 
vaporization  v/i 1 1  not  be  considered  here  and  attention  will  be  restricted  to  the  gaseous 
phase.  The  following  assumptions  are  put  forward  :  all  participants  in  the  turbulent  and 
combustible  mixture  are  assumed  ideal  gases  with  possibly  temperature  dependent  thermal 
and  caloric  coefficients.  Thermal  equilibrium  will  be  assumed  locally  and  Soret/Dufour 
effects  as  well  as  volume  forces  and  volume  viscosity  will  be  neglected.  The  molecular 
diffusion  in  the  multi-component  mixture  will  be  treated  crudely  by  relations  of  the 
Fick-law  type.  In  addition,  the  diffusivities  for  all  components  and  energy  will  be  con¬ 
sidered  equal.  Radiative  energy  transfer  will  not  be  taken  into  account  and  the  Mach 
number  will  be  significantly  smaller  than  unity.  The  set  of  these  simplifications  is 
usually  referred  to  as  Shvab-Zeldovich  assumptions  (Ref.  1)  and  has  found  frequent  appli¬ 
cation  to  the  mathematical  analysis  of  flames.  For  the  description  of  the  combustion  of 
hydrogen  with  air  the  following  system  of  reactions  is  considered  : 


H  +  02 

i  OH  +  0 

(Rl) 

H  +  OH  +  M 

->• 

-<• 

H20  +  M 

(R5) 

0  +  h2 

i  OH  +  H 

(R2) 

H  +  0  +  M 

-V 

*4- 

OH  +  M 

(R6) 

H2  +  OH 

+  H20  +  H 

( R3 ) 

2H  +  M 

+ 

-4- 

H2  +  f. 

(R7) 

20H 

?  H20  +  0 

(R4) 
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This  mechanism  was  suggested  by  several  authors  (Refs.  2,  3,  4)  as  a  reasonable  descrip- 
tionof  diffusion  flame  kinetics.  Its  range  of  validity  was  estimated  (Ref.  5)  in  laminar 
test  calculation  and  it  was  found  to  be  a  good  approximation  of  the  H2-air  kinetics  for 
temper itures  T  >  1200  K  and  conditions  close  to  stoichiometric.  In  this  range  the  reac¬ 
tions  (Rl)  —  ( R4 )  are  much  faster  than  the  relatively  slow  three-body  recombination  reac¬ 
tions  (R*-)  — (R7)  This  leads  to  the  hypothesis  (see  Refs.  2,  6)  that  the  fast  reactions 
(R1)-(R4)  arc  in  partial  equilibrium.  The  slow  reactions  ( R5 ) - ( R 7 )  are  in  general  not  in 
equilibrium  and  have  to  be  treated  by  means  of  rate  equations.  In  order  to  make  efficient 
use  of  this  hypothesis  combined  variables  are  introducued  according  to  Dixon-Lewis  et 
al .  (Ref.  2),  -i  :t  such  a  way  that  the  kinetic  source  terms  of  the  new  variables  do  not 

reactions  ( R 1 ) - ( R4 ) .  They  are  given  by 
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The  instantaneous  transport  equations  for  them  contain  the  kinetic  source  terms 


wH20  ?  2MH20  (w5+«6+w7) 
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The  system  of  eight  equations  describing  the  mass  and  energy  transfer  can  be  assembled 
as  follows  :  four  partial  differential  equations  for  the  atomic  mass  fractions  z0,  zH 
of  the  elements  0  and  H,  the  combined  fuel  and  the  static  enthalpy  (defined  uby 

eq.  8),  together  with  conservation  of  total  mass,  the  linear  relations  between  atomic 
and  molecular  mass  fractions  and  three  linearly  independent  equilibrium  conditions  as  four 
local  equations  (see  Ref.  5).  Note  that  only  the  equations  for  the  combined  variable 
CR  and  the  enthalpy  contain  source  terms.  This  set  of  equations  applies  to  flows  in  the 

main  reaction  zone  of  combustors  if  a  general  character  of  partially  premixed/diffusive 
conditions  prevails  and  the  source  terms  in  the  energy  equation  are  not  neglected.  For 
diffusion  flames  further  simplifications  can  be  made.  Normalizing  the  element  mass  frac¬ 
tions  and  the  enthalpy  with  the  values  at  the  jet  pipe  exit  and  the  ambient  value  the 
variable  f  (mixture  fraction;  Refs.  7,  8),  can  be  defined 
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LN’ 
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Neglecting  the  source  terms  in  the  equation  for  the  enthalpy  h 


allows  indeed  the  application  of  (7)  to  h.  The  system  of  equations  for  diffusion  flames 
is  now  reduced  to  two  partial  differential  equations  for  f  and  Cj^2  : 


+  w. 


(9) 

(10) 


with  source  term  given  by  (6)  and  the  local  relations  where  (2)  expresses  the  combined 
variable  in  terras  of  mass  fractions  and  the  equilibrium  relations  for  (R1)(R4)' 
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plus  the  four  linear  equations  (7).  The  temperature  follows  from  (8)  and  the  density  p 
from  the  thermal  equation  of  state 


p  = 


(H) 


T  R<c' 


with  known  pressure  p.  The  kinetic  source  terms  w^  (i  =  5,6,7)  are  of  Arrhenius  type 
expressions 
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where  the  reaction  is  denoted  by 


1-5,6, 7  (15) 


n  +  n 

z  “ii  xi  *  z  8ii  xi  j  =  5,6,7 
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The  local  relations  allow  the  representation  of  the  w^  as  functions  of  f  and  only. 


The  domain  of  possible  states  in  the  f-Cn,  plane  is  bounded  by  the  lines  for  pure  mixing 
(no  reaction)  and  chemical  equilibrium  (reactions  completed)  forming  a  triangular  shaped 
area.  For  easier  coupling  of  the  thermo-chemical  model  with  the  turbulence  model  via  pdf's 
the  variable  Cu  is  transformed  into  a  reaction  variable  r  defined  by 
11 2 


(16) 


where  the  superscripts  u  and  v  denote  unburnt  and  completely  bOrnt  (i.e.  equilibrium)  mix¬ 
ture.  The  domain  of  possible  states  is  now  the  unit  quadrangle  in  the  f-r  plane.  All 
quantities  (density,  temperature,  mass  fractions)  can  be  represented  as  local  functions 
of  f  and  r.  Figure  1  and  figure  2  show  temperature  and  OH-radical  mass  fraction  as 
functions  of  f  and  r. 


Nitric-Oxide  formation 

The  thermo-chemical  model  described  above  allows  the  inclusion  of  NO-formation  without 
making  the  assumption  of  unconstrained  chemical  equilibrium.  Measurements  in  flames  (Refs. 
9,  19,  11,  12)  have  shown  that  the  NO-concentration  is  significantly  lower  than  its  equi¬ 
librium  value  and  is  very  small  compared  with  stable  components.  Therefore  the  influence 
of  NO-formation  on  the  flow  field  can  be  neglected  and  no  change  of  the  thermo-chemical 
model  is  called  for.  For  the  H2-air  flames  considered  here,  the  NO-: formation  is  governed 
by  the  extended  Zeldovich-mechanism  (Ref.  13). 


t  NO  +  0 
t  NO  +  N 
t  NO  +  H 


(R8) 

(R9) 

(RIO) 


“Prompt"  NO-formation  involving  fuel-N  does  not  play  a  role  in  H2-air  flames  unless  N- 
containing  components  are  mixed  to  the  H2-fuel  (Ref.  14).  The  thermo-chemical  model  allows 
nonequilibrium  values  Por  the  radical  concentrations  0,  H,  OH.'  In  particular,  for  the  0- 
radical  there  exist.  .< direct  experimental  evidence  (Ref.  8)  that  super-equilibrium  con¬ 
centration  values  can  be  expected.  Two  partial  differential  equations  for  the  mass  frac¬ 
tions  of  N  and  NO  are  added  to  the  thermo-chemical  model.  They  are  of  the  form 
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The  source  terms  w,  are  represented  (see  Refs.  5,  6)  as  a  sum  of  four  contributions. 
For  NO  this  is  denoted  by 
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(  Sj  +C^o^2  +  ^'N^3+CN(-|CnSi4  ) 
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and  similarly  for  N 

WN  =  (Si-CNoSa-C^^oC.S,) 
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It  is  important  to  notice  that  the  are  independent  of  the  new  variables  CN0  and  C^. 
They  are  given  by 
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as  special  cases  of  (15)  and  can  be  represented  as  functions  of  f  and  r  alone.  This 
dependence  is  shown  in  figure  3  for  the  dominant  term  Sj.  The  rate  and  equilibrium 
constants  are  summarized  in  table  2. 

2.2  Turbulence  model 

In  turbulent  flames  with  high  heat  release  rates  strong  fluctuations  of  density  are 
encountered.  Two  kinds  of  statistics  can  be  applied  to  the  description  of  such  flows: 
Density-weighted  (Favre,  Ref.  15)  or  unweighted  statistics.  In  particular  Favre-stati s- 
tics  have  been  advocated  for  flame  calculations  (Refs.  8,  16)  recently  because  of  the 
attractive  simplicity  of  the  resulting  moment  equations.  Here  unweighted  statistics  will 
be  used  for  the  following  reasons.  Unweighted  quantities  can  easily  be  compared  with 
experimental  results  ( 1 aser-doppl er  measurements)  and,  as  a  consequence  of  extensive 
comparison  of  Favre-  and  unweighted  calculation,  model s  (Refs.  6,  17),  it  is  plausible 
that  modelling  assumptions  for  unweighted  quantities  cannot  simply  be  carried  over  to 
density-weighted  variables.  The  model  suggested  here  is  an  improved  version  of  the  four- 
equation  model  developed  in  reference  19,  which  is  based  on  the  k-e  model  of  Jones  and 
Launder  (Ref.  18).  The  main  modelling  assumptions  for  (unweighted)  turbulent  fluxes  are 
(Ref.  6)  : 

3  y*  3  V 
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where  the  eddy  viscosity  is  defined  by 


.  r  -  k2 
-  CD  P  — 


vt  =  f  **t 


(26) 


and  0$  is  a  turbulent  Prandtl /Schmi dt  number.  The  kinetic  energy  of  turbulence  k  and  its 
dissipation  rate  e  are  determined  as  solutions  of  transport  equations,  which  assume  for 
stationary  axisymmetric  and  parabolic  flows  the  form  given  below  : 
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These  equations  for  k  and  e  are  supplemented  by  the  modelled  transport  equations  for  the 
density-velocity  correlations 
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In  modelling  the  exact  equations  for  k,  e,  p'u',  p'v1,  the  expressions  (24)  and  (25)  and 
the  case  of  hiqh  turbulent  Re-numbers  was  assumed.  From  the  latter  follows  in  particular 
that  the  correlation  between  quantities  determined  by  different  parts  of  their  spectra  is 
negligible.  Finally,  the  averaged  mass  and  momentum  equations  are  given  by 


3^  (pu+p ’u 1 )  +  i  —  y(pv+p'v')  =  0  (31) 

and 

<;=♦.—  >  If  *(SV4P~)  |?  =  (y(»4»t)  If)  -  If  *  59x  (32) 

The  constants  for  the  turbulence  model  are  given  in  table  1. 

2.3  Probability  density  functions 

Average  values  of  the  thermodynamic  quantities  can  be  calculated  if  the  statistical 
characteristics  of  the  variables  in  the  thermo-chemical  model  are  known.  It  would  be 
sufficient  to  provide  first  and  second  order  statistical  moments  of  the  variables  f  and 
r  (or  CR2)  if  the  local  relations  would  be  close  to  linear.  But  the  strongly  non-linear 
character  of  P(f,r),  T(f,r),  C|(f,r)  requires  the  knowledge  of  the  pdf  (probability  den¬ 
sity  function)  of  f  and  r.  Two  different  approaches  to  construct  such  pdf's  will  be  dis¬ 
cussed. 

Method  I 

The  pdf  of  the  scalar  variables  f  and  r  is  constructed  on  the  basis  of  a  selected  set 
of  statistical  moments.  The  general  idea  is  to  prescribe  the  functional  dependence  of  the 
pdf  on  these  moments.  The  crucial  modelling  assumption  is  obviously  the  explicit  form  of 
this  dependence.  Two  different  ways  of  establishing  such  forms  will  be  considered. 


In  the  first  method  the  analogy  between  the  pdf  of  fluctuating  scalars  in  cold  and  non¬ 
reacting  flows  and  the  pdf  of  the  reacting  species  in  the  diffusion  controlled  limit 
(Ref.  20)  is  used  to  infer  qualitatively  the  form  of  the  pdf  from  measurements  in  incom¬ 
pressible  flows.  This  was  applied  to  the  case  of  a  single  conserved  scalar  (Ref.  8)  called 
mixture  fraction  for  the  description  of  turbulent  diffusion  flames  using  the  flame-sheet 
model.  The  measured  pdf's  (Refs.  21,  22)  show  strongly  non-Gaussian  features  such  as 
singular  contributions  reflecting  the  intermittent  character  of  free  shear  flows  .and  non¬ 
zero  skewness.  A  reasonable  fit  with  the  experiments  (Ref.  23)  can  be  obtained  if  the 
functional  dependence  of  single  scalar  pdf's  on  mean  and  variance  is  prescribed  as  beta- 
function. 
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where  the  exponents  are  given  in  terms  of  mean  f  and  variance  g  =  (f-f)2  as 
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The  variable  z  denotes  in  (33)  a  possible  value  of  the  random  variable  f(xa,t).  This 
function,  however,  is  not  able  to  represent  pdf's  with  relative  maxima,  which  can  be  ex¬ 
pected  in  the  outer  part  of  free  shear  layers  (Refs.  21,  22).  Other  forms  that  have  been 
suggested  are  the  clipped  Gaussian  and  combinations  of  Di rac-pseudofunctions  (Ref.  24). 
Fo^  the  two  dimersional  pdf  required  here  the  following  form  of  P ( z , s )  where  s  denotes 
a  possible  value  of  the  reaction  variable  r(xa,t),  is  put  forward.  First  it  is  assumed 
that  mixture  fraction  f  and  reaction  variable  r  are  statistically  independent.  Hence 


P(z,s)  =  P(z).P(s) 


(^6) 


Note  that  this  does  not  imply- statistical  irdependence  of  f  and  Ch2.  For  P(z)  the  repre¬ 
sentation  (33)  as  betafunction  and  for  P(s)  three  Dirac-functions  at  r  =  0,1,  r  are  used 
leading  to 

P(z,s)  =  - ffi«(s)+Y2fi(s-r)+Y5«{s-l)|  (37) 
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The  exponents  a  and  g  are  determined  by  f  and  a  according  to  (34)  and  (35).  The  nonnega¬ 
tive  coefficients  yi.  V2>  Y3  depend  on  r  and  r"72  as  follows 
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Y  3  =  ~  (40) 
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At  each  point  in  the  flow  field  the  pdf  P(z,s)  is  therefore  determined  by  the  four  moments 
f,  g.  r,  r72  for  which  modelled  transport  equations  have  to  be  solved  (equations  (45)- 
(48)  below). 


A  second  method  was  devised  by  Pope  (Ref.  25)  which  relies  solely  on  the  information 
provided  by  statistical  moments.  The  statistically  most-likely  distribution  of  a  scalar 
f  given  the  first  L  moments  yn  is 

L  n 

P  (z)  =  q(z)  exp  (  £  A  z  )  (41) 

L  k=0 


where  q(.z)  is  the  a  priori  probability  of  the  samples  of  f(xa,t).  It  can  be  shown  that 
q(z)  is  constant  for  strictly  conserved  scalars  and  for  scalars  f  obeying  a  transport 
equation  with  source  term  pS(f)  it  can  be  estimated  for  dominant  S(f)  by  (Ref.  25) 


q(z)  =  1  +  S(z] 

vg 


(42) 


where  \  is  the  time  scale  of  dissipation  of  f.  The  coefficients  An  are  determined  by 
making  the  information  entropy  E 

fl  PL(2) 

E  a  -J  dz  PL(z)  in  (43) 

o 

maximal  under  the  side  conditions 
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dz  z"  P *  ( z ) 
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of  the  available  moments  u«.  This  approach  can  be  extended  to  any  number  of  scalars.  Cal¬ 
culations  by  Pope  (Ref.  25)  show  that  good  agreement  with  experimental  data  for  passive 
scalars  can  be  achieved  for  L  >  3.  For  the  case  of  two  scalars  this  would  require  at  least 
n.tjre  moment  equations. 

Moment  equations 

The  four  moment  equations  for  the  pdf  in  the  form  (37)  can  be  obtained  from  (9)  and 
(10)  together  with  (16)  by  applying  the  usual  manipulations  and  averaging.  The  details 
of  the  closure  operation  are  described  in  reference  26.  For  the  f  and  g  equations,  the 
modelling  fo’lows  closely  the  manipulations  of  the  turbulence  model  described  above.  The 
resulting  equations  are 
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The  derivation  and  modelling  of  the  equations  for  r  and  r‘2  is  more  complex  (Refs.  6,  26) 
and  requires  the  consideration  of  the  interaction  between  reactions  and  turbulent  mixing. 
The  result  can  be  stated  as  follows  : 
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where  using  (6)  (see  Ref.  26) 


(49) 


and  w  =  C--C-  denotes  the  denominator  of  (16),  and 
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Noting  that  both  quantities  are  functions  of  z  and  s  we  can  evaluate  their  statistical 
moments  by  integration  using  the  pdf  P(z,s). 


For  the  calculation  of  the  mean  NO-mass  fraction  two  additional  partial  differential 
equations  must  be  modelled.  Averaging  (17)  for  $  =  C„q  and  $  =  and  applying  (25)  leads 
to 
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where  only  the  mean  kinetic  source  terms  w^g  and  wu  require  special  n-nsiderations .  First 
we  note  that  the  terms  S-j »  i  =1,  ...,4  in  (18)  ana  (19)  can  be  represented  as  local 
functions  of  z  ans  s  only,  because  they  are  a  function  of  p,  T,  Co.  C^,  Coh»  Cr,,  Co2 
which  in  turn  are  functions  of  f  and  r  via  the  local  relations.  Hence  we  can  evaluate  the 
moments  of  wrq  and  wf)  simply  by  integration  using  P(z,s).  But  the  averaged  source  term 


WN0  =  ^NO  (Si+CNO*S2+CN*J53+cno*CN*S‘,  +  CNO*$2+('N’S3  +  CNO,CN'S',+CNO'S|(*^N 


+cN'S4.cN0+cN0»cN.s4) 

contains  several  correlations  that  cannot  be  calculated  by  integration.  Remebering  that 


Si  is  the  dominant  source  term  and  the  fact  that  the  mass  fractions  Cro  and  Cm  are  small 
compared  with  the  stable  components,  it  is  reasonable  to  neglect  (for  the  NO-formation) 
these  correlations.  Then  the  equations  (51)  are  closed  with  mean  kinetic  source  terms 
given  by 


WN0  =  ^*N0  (Sl+CN0.S2+CN.S3+CN0.CN.S4)  (52) 

and 

WN  =  ^1 *^N0’ ^2 "^N " ^3+^N0* ^N* ^  (53) 


The  time  scale  ratio  t  appearing  in  (46)  and  (48)  was  estimated  on  the  basis  of  recent 
measurements  (Ref.  36)  for  a  passive  scalar  in  incompressible  shear  flows  as 

t  —  C  zn  $‘2  +  C:2  ,  4  =  f ,r 

T  z 

The  values  for  C  and  C  are  given  in  table  1. 

Tl  T  2 

This  completes  the  coupling  of  the  thermo-chemical  model  with  the  turbulence  model  using 
the  method  I  for  the  construction  of  the  pdf. 

Method  II 

The  second  method  avoids  the  explicit  construction  of  the  pdf  P(z,s)  in  terms  of  sta¬ 
tistical  moments  by  making  use  of  the  transport  equation  for  P(z,s).  Consider  a  set  of  m 
scalar  variables  $-j(x  ,t)  satisfying  transport  equations  of  the  form  (17).  The  one-point 
pdf  P  of  the  values  Z}  of  the  $i(x  ,t)  can  be  defined  by 

m 
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and 


P(z,  ,x  ,t)  =  <P> 
la 

where  the  angular  brackets  denote  ensemble  averaging.  The  transport  equation  for  P  follows 
according  to  Lundgren  (Ref.  27)  as 
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where  the  density  and  the  sources  Si  are  assumed  to  be  local  functions  of  the  (hence 
p=p(zi)  and  Sj  =  Sj(zj)  in  (54))  and  the  molecular  transport  coefficients  pr<  are  con¬ 
stant  and  equal  for  all  i  =  1 ( 1 )m  (Snvab-Zeldovich  assumption).  Equation  (54)  poses  two 
modelling  problems  (sea  Ref.  28)  :  the  turbulent  flux  term  and  the  scalar  dissipation 
term.  On  the  other  hand,  the  nonlinear  sources  Sf  produce  a  closed  term  in  the  equation 


for  the  pdf  P.  This  property  is  the  main  advantage  of  the  transport  equation  (54).  For 
the  case  of  a  single  scalar  variable  (m=l)  closure  models  (Refs.  28,  32,  33)  have  been 
suggested.  In  particular,  the  turbulent  flux  term  can  be  modelled  by  reference  32. 
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This  expression  produces  gradient-flux  models  for  all  higher  correlations  with  the  velocity. 
For  the  scalar  dissipation  term  several  stochastic  models  have  been  constructed.  The  inte¬ 
gral  model  suggested  in  reference  28 
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has  been  applied  to  flame  calculations  on  the, basis  of  the  flame-sheet  model  (Ref.  34) 
and  gave  satisfactory  results.  For  two-scalar  case  considered  here,  the  question  of  model¬ 
ling  the  cross-correlation 
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is  still  not  settled.  Closure  can  easily  be  achieved  using  (55)  and  (56)  if  this  term  is 
neglected,  but  r  is  a  transformed  variable  containing  Information  about  mixture  fraction 
and  therefore  the  usual  argument  of  statistical  Independence  at  high  turbulent  Reynolds 
numbers  does  not  apply.  Further  work  on  this  problem  is  under  way., 

3.  APPLICATION  TO  H2-AIR  DIFFUSION  FLAMES 

The  closure  modelldeve^oped  in  the  previous  chapter  was  applied  to  several  turbulent 
H2 -air  diffusion  flames  for  which  experimental  results  including  NO-formation  (Refs.  9, 

10,  II)  are  available.  The  discretization  and  numerical  solution  of  the  set  of  parabolic 
differential  equations  was  performed  with  standard  methods  (Ref.  35). 

Flame  I  (Refs.  11,  12), 

Kent  and  Bllger  performed  extensive  measurements  in  several  turbulent  diffusion  flames. 
The  horizontal  flame  simulated  in  our  calculations  Is  characterized  by  the  mean  nozzle 

_  U, 

exit  velocity  Uj  •  150  f  of  H2  and  ^  «  10,  Re  -  11700  (at  nozzle  exit)  where  Ue  denotes 

the  velocity  of  the  outer  air  stream.  The  Initial  conditions  for  the  calculations  are 
given  by  the  measured  profiles  for  mean  velocity  and  turbulence  energy.  The  initial  dis¬ 
tributions  of  mean  mass  fractions  can  easily  be  inferred  from  the  nozzle  conditions  and 
the  dissipation  rate  is  calculated  from  the  condition  of  production  equals  dissipation  in 
the  turbulence  kinetic  energy  equation  with  prescribed  turbulent  viscosity.  The  results 
of  the  calculations  are  compared  in  figures  4  to  8  with  the  measurements.  The  agreement 
between  the  mean  concentrations  of  the  stable  components  and  the  mean  temperature  in 
experiment  and  computation  Is  very  satisfactory.  In  the  initial  region  for  ^  <  80  the 

calculated  profiles  are  spreading  more  rapidly  than  the  experimental  values  (Figs.  4  and 
5),  whereas  the  axial  development  Is  very  well  represented  in  figure  6.  Several  reasons 
can  be  given  for  this  overprediction  of  the  spreading.  The  turbulent  Schmidt/Prandtl 
numbers  are  constant  in  the  calculation,  but  values  Inferred  from  experiments  show  a 
variation  from  0.4  to  1.0,  furthermore  are  free  shear  flows  highly  Intermittent  and  con¬ 
sequently  the  unconditional  statistics  of  any  flow  quantity  are  highly  non-Gaussian  in 
the  outer  part  which  cannot  be  described  adequately  by  first  and  second  order  moments. 

The  calculated  profiles  for  the  mean  NO-concentration  in  figures  7  and  8  show  that  In 
axial  direction  (Fig.  8)  NO  is  underpredicted  in  the  region  *  <  60,  very  well  predicted 

in  the  medium  range  60  <  jj  <  120  and  overpredicted  further  downstream.  In  radial  direc¬ 
tion  (Fig.  7),  the  profile  for  jj  *  80  is  qualitatively  correct  but  gives  too  small  values 
in  the  core  region  due  to  the  slightly  larger  spreading  rate  -f  ..he  calculated  jet.; 

Flame  2  (Ref.  10) 

Lavoie  and  Schlader  performed  measurements  in  a  vertical  H?-air  diffusion  flame  with 
mean  nozzle  exit  velocity  of  Uj  =  200  m/s.  The  fuel  H2  Issues  into  still  air  and  Re  = 

4500  at  the  nozzle  exit.  The  results  of  the  calculations  (Figs.  9  to  14)  show  the  same 
agreement  between  experiment  and  computation  as  flame  1  for  stable  components  in  figures 
9  and  10.  The  mean  NO-concentration  is  again  underpredicted  for  *  <  80  and  very  well 

predicted  for  ^  >  80  as  the  axial  development  in  figure  13  proves.  The  same  figure  con¬ 
tains  in  addition  the  results  for  a  flame  with  Uj  =  130  *  giving  good  agreement  for 
^  >  80  as  well.  The  radial  profits  in  figures  11  and  12  reflect  the  axial  underpredic- 
tiori  at  ^  =  60  and  the  good  agreement  for  jj  *>  80  and  jj  =  120,  160. 


Flame  3  (Ref.  9} 


The  vertical  flame  measured  by  Takagi  and  Ogasawara  has  a  mean  exit  velocity  of  = 

m  » 

108  -  and  Re  =  2200  and  the  fuel  H2  issues  into  still  air.  The  comparison  of  the  concen- 

**  v 

trations  of  the  stable  components  at  ^  =  50  shows  the  good  agreement  between  experinu  it 

and  calculation  as  flames  1  and  2.  The  NO-formation  in  this  low  Re  number  flame  shows  a 
much  slower  decay  of  the  mean  NO-concentration  along  the  axis  than  the  previous  flames 
and  the  calculated  values  are  smaller  than  the  experimental  concentrationd  for  160 

(Fig.  17).  In  the  medium  range  the  agreement  is  very  good  and  the  initial  region  is  under¬ 
predicted  as  for  flames  1  and  2.  The  calculated  radial  profiles  in  figure  15  are  too  small 

in  the  core  region  for  q  <  80  but  agree  well  in  the  outer  part  whereas  for  £  >  80  in 
figure  16  the  core  region  is  well  represented. 

4.  CONCLUSIONS 


A  prediction  model  for  turbulent  H2-air  diffusion  flames  was  developed  that  allows  a 
certain  degree  of  chemical  non-equilibrium  providing  kinetic  values  for  the  0,  H,  OH  radi¬ 
cals  that  determine  the  NO-formation  in  such  flames  The  results  obtained  with  this  model 
were  compared  with  experiments  in  three  different  flames  and  lead  to  the  following  con¬ 
clusions  : 

1.  Stable  components  and  temperature  are  well  predicted.  NO-formation  is  well  predicted 
in  the  medium  range  of  the  flames,  but  underpredicted  in  the  initial  region  and  overpre¬ 
dicted  (except  for  flame  3)  far  downstream. 

2.  NO-formation  (calculated  according  to  the  extended  Shvab-Zeldovich  mechanism)  is  within 
the  framework  of  this  model  very  sensitive  toward  changes  in  the  mean  mixture  fraction  and 
the  mean  reaction  variable  and  in  particular  their  variances.  Those  four  quantities  deter¬ 
mine  the  mean  NO  production  rate  via  the  pdf  P(z,s).  It  could  be  expected  that  the  form 

of  the  pdf  has  a  strong  influence  on  NO-formation.  But  figure  3  shows  that  NO-formation 
is  restricted  to  a  small  part  of  the  r-f  '•ectanyle  and  hence  does  the  form  of  the  pdf  not 
play  a  decisive  role  in  the  determination  of  mean  NO-concentrations.  This  was  supported 
by  numerical  tests  using  different  pdf  forms  (Ref.  6). 

3.  Comparison  cf  the  two  methods  for  constructing  the  pdf  shows  two  distinct  advantages 
of  the  more  elaborate  transport  equation  approach.  First  is  the  modelling  of  moment  equa¬ 
tions  avoided,  which  could  lead  to  inconsistent  solutions  because  the  closure  assumptions 
considered  here  do  not  guarantee  the  fulfillment  of  realizability  conditions  such  as  (refer¬ 
ences  5,  8)  : 

g  «  f(l-f)  etc 

which  are  a  consequence  of  boundedness  of  f  and  r.  Second,  the  treatment  of  reaction  kine? 
tic  source  terms  is  straightforward  and  does  not  produce  closure  problems.  On  the  other 
hand,  the  transport  equation  (54)  poses  different  closure  problems  and  its  numerical  solu¬ 
tion  requires  for  more  than  two  scalars  excessive  computing  times.  Hence  the  second  method 
should  be  considered  a  research  tool  to  check  and  ease  constructing  pdfs  as  functions 
of  few  moments. 
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TABLE  1- CONSTANTS  FOR  THE  CLOSURE  MODEL 
TURBULENCE  MODEL 


CD 

C 

ei 

C 

G  2 

C 

e3 

C 

CpUj 

0.09 

1.44 

2.00 

2.00 

1.9 

1.5 

CpV> 

CM 

> 

a 

o 

°k 

ae 

V 

%v 

0.66 

1.5 

1.0 

1.3 

1.5 

1.5 

COUPLING 

EQUATIONS 

°f 

°g 

ar 

r2 

%f 

V 

0.85 

0.7 

0.85 

0.7 

0.7 

0.7 

0 

NO 

0 

N 

Sc 

Cti 

C 

T2 

0.85 

0.85 

0.7 

4.0 

0.4 

CONSTANTS  FOR  THE  THERMO-CHEMICAL  MODEL 
(References  29,  30,  31) 

0  <  c 

T  °  *  »  ‘‘/v  i 

A  ..j  (— )  exp  ( — — ) ,  a  =  f(orward),  e(qui  1  ibriura) 

a,J  T0  T 


Reaction 

Af,j 

°f,j 

Ff,j 

Ae,j 

De ,  j 

Fe,.i 

R1 

1.42E+11 

0.0 

-8.248E+3 

5.23E+2 

-0.439 

-8.7E+3 

R2 

1.8E+7 

1.0 

-4.479E+3 

1.39E+0 

-0.06 

-8.86E+2 

R3 

1.17E+6 

1.3 

-1.825E+3 

2.97E-2 

0.2436 

7 .  S73E 1-3 

R4 

5.75E+9 

0.0 

-3.897E+2 

2.13E-2 

0.1835 

8.762E+3 

R5 

9.77E+11 

-0.71 

0.0 

3.82E-5 

0.0476 

6.009E+4 

R6 

6.2E+10 

-0.6 

0.0 

1.79E-3 

-0.  1358 

5.133E+4 

R7 

9.2E+10 

-0.6 

0.0 

1.29E-3 

-0.196 

5.221E+4 

R8 

6.4E+6 

1.0 

3.14E+3 

1.14E+9 

-0.106 

-1.593E+4 

R9 

7.6E+10 

0.0 

-3.8E+4 

1.166E+0 

0.1186 

-3.767E+4 

RIO 

3.2E+10 

0.0 

0.0 

2.18E-2 

0.3338 

2.463E+4 

TABLE  2 


Rate  constants 


a  ,  J 


Fig.  2.  Molar  concentration  of  OH  as 
function  of  f  and  r. 


Fig.  4.  Radial  distribution  of  mean 
temperature  and  mean  molar  concen¬ 
tration  at  x/D  =  40  for  flame  1. 


Fig.  6.  Axial  distribution  of  mean 
temperature  and  mean  molar 
concentration  for  flame  1. 


Fig.  7.  Radial  distribution  of  mean  Fig.  8'.  Axial  distribution  of  mean 

NO  -  mass  fraction  at  x/D  »  80  for  NO  -  mass  fraction  for  flame  1. 

flame  1. 


Fig.  9.  Radial  distribution  of 
mean  mass  fractions  at  x/D  ='40 


Fig.  14.  Radial  distribution  of  mean 
molar  concentrations  at  x/D  =  25,  50 
for  flame  3. 
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Fig.  15.  Radial  distribution  of  mean 
NO  -  concentration  at  x/D  =  25,  50 
for  flame  3. 
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Fig.  16.  Radial  distribution  of 
mean  NO  -  concentration  at  x/D  = 
150  for  flame  3. 
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17.  Axial  distribution  of  mean 
concentration  for  flame  3. 
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DISCUSSION 


N.Peters,  Ge 

In  a  recent  study  [  1  ]  of  the  first  author  with  myself  we  could  show  that  the  local  NO-formation  does  depend  on 
the  scalar  variance,  the  total  NO-formation  does  not. 

By  evaluating  the  mean  turbulent  NO  reaction  rates  in  the  limit  of  large  NO-activation-energies  we  could  decouple 
the  influence  of  turbulence  from  that  of  the  kinetics.  We  found  that  higher  variances  of  the  mixture  fractions  would 
spread  the  NO-production  over  a  larger  volume  and  into  the  fuel  rich  part  of  the  flame  but  that  its  integral  over  the 
flame  volume  would  .ot  change  considerably. 

[  1 1  J.Janicha  Evaluation  of  the  Turbulent  NO-Production  Rate  in  the  Limit  of  Large  Activation 

N.Peters  Energies,  submitted  to  Combustion,  Science  and  Technology. 

Author’s  Reply 

That  superstates  my  own  conclusion. 


F.C.Lockwood,  UK 

(1)  It  seems  to  me  that  the  overall  reaction  in  the  flames  you  have  examined  must  be  largely  turbulence  rate 
controlled.  In  this  respect  how  would  your  calculations  compare  with  those  assuming  an  infinitely  fast  reaction 
rate? 

(2)  Can  you  offer  any  physical  arguments  in  support  of  your  three  Dirac  function  assumption  for  P(s)?  The  one 
at  F  would  seem  least  satisfactory. 

Author’s  Reply 

( 1 )  Infinitely  fast  reactions  can  easily  be  simulated  in  our  program  by  setting  the  reaction  variable  to  unity.  There 
is  little  influence  on  mean  density,  temperature  and  concentrations  of  stable  components.  The  mean  radical 
and  NO  concentrations  show  marked  difference  to  the  complete  modei. 

(2)  A  physically  more  satisfactory  form  of  the  pdf  could  be  obtained  b"  solving  the  pdf-transport  equation  as 
pointed  out  in  the  paper.  For  the  current  calculations  the  form  of  ns)  was  chosen  that  seemed  appropriate 
with  respect  to  the  dependence  of  the  NO-source  term  S,  on  f  and  r. 


A.K.Varma,  US 

Once  a  model  for  the  pdf  has  been  established,  it  is  of  course  possible  to  calculate  all  the  turbulence/chemistry  inter¬ 
action  correlations  in  the  equations  for  r,  f,  l71  etc.  Did  you  include  all  these  terms  -  specially  third-order  correla¬ 
tions  -  in  the  source  terms  in  the  transport  equations? 

Author’s  Reply 

All  correlations  of  functions  of  mixture  fractions  f  and  reaction  variable  r  were  of  course  evaluated  by  integration 
using  the  pdf. 


C.H.Priddin,  UK 

The  applicability  of  your  joint  PDF  depends  strongly  on  the  assumption  of  Equation  (36)  that  the  PDF  is  separable 
into  two  parts  (covariance  of  Z  and  S  zero).  Do  you  have  any  information  to  indicate  how  good  this  assumption  is? 

Author’s  Reply 

Since  there  is  no  experimental  information  for  the  simultaneous  pdf  P(f,  r)  available  the  computationally  most 
efficient  form  was  adopted.  Numerical  tests  using  different  forms  of  the  one-dimensional  pdfs  constituting  P(f,  r) 
showed  little  influence  on  the  mean  NO-profi!es  (see  Reference  6).  More  general  pdfs  P(f,  r)  are  currently 
investigated. 
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SUMMARY 

A  new  reaction  model  accounting  for  intermediate  species  was  applied  in  connection 
with  the  k-e-model  to  predict  different  free  and  enclosed  turbulent  natural  gas  flames. 
The  reaction  model  is  based  on  the  assumption  of  a  quasilaminar  flame  substructure  of  a 
turbulent  diffusion  flame  and  a  probability  density  distribution  of  fuel-atom-concentra¬ 
tion.  It  is  assumed,  that  the  quasilaminar  flames  are  in  local  chemical  equilibrium 
within  zones  of  finite  thickness. 

The  influence  of  variable  density  on  the  mixing  prozess  was  studied  for  different 
jets  and  jet  flames.  In  the  parabolic  flow  cases  it  was  found  necessary  to  account  for 
variable  density  which  was  done  by  a  mixing  length  relation.  Different  numerical  pro¬ 
cedures  w  ere  applied  for  the  parabolic  and  elliptic  flow  fields 


LIST  OF  SYMBOLS 

c  mass  fraction 

cft  mass  fraction  of  fuel  atoms 

d  nozzle-diameter 

f  transformed  stream  function 

k  kinetic  energy  of  turbulence 

1  mixing  length 

P  probability  density  function 

Q  general  variable,  Eq. (3.5) 

S  source  term 

T  temperature 

u,v  velocity  components 

x,r  coordinates 

z  similarity  parameter 

a  intermittancy 

e  dissipation 

5,n  transformed  coordinates 

i(i  stream  function 

p  density 

xv  turbulent  shear  stress 

Ut  effective  viscosity 

0  general  variable,  Eq. (3.1) 

general  transport  coefficient 

Subscripts 


c 


outer  boundary 
centerline 


b-I 


1 .  INTRODUCTION 

The  main  problem  in  modelling  turbulent  combustion  for  engineering  applications  is  to 
develope  appropriate  simplifications  for  the  complex  phenomena  of  chemical  reactions  and 
turbulent  transport. 

As  a  simple  and  useful  way  to  account  fo:  the  influence  of  turbulence  on  chemical  re¬ 
actions,  the  flame  sheet  assumption  was  introduced  and  coupled  with  a  probability  density 
distribution  of  the  concentration  of  fuel  atoms. 

As  in  fuel  rich  regions  of  hydrocarbon  flames  especially  the  existence  of  carbon  monoxid 
cannot  be  neglected  the  flame  sheet  model  was  extended  [1], 


2.  THE  REACTION  MODEL 

The  instantaneous  gas  composition  in  the  flame  sheet  approximation,  with  reactions 
taking  place  only  in  an  infinitely  thin  layer,  is  a  mixture  of  stoichiometric  reaction 
products  and  either  fuel  or  oxident  in  the  fuel  rich  and  fuel-lean  regions,  respectively. 
In  the  present  model  it  is  assumed  chat  the  turbulent  diffusion  flame  exists  of  a  brush 
of  quasilaminar  flames  in  local  chemical  equilibrium  within  2ones  of  finite  thickness 
and  a  frozen  flow  outside. 

In  Fig. 1  as  an  example  the  instantaneous  CO-concentration  and  temperature  are  shown 
as  function  of  the  mass  fraction  of  fuel  atoms  cA.  To  define  the  boundaries  of  the  equi¬ 
librium  zone  it  would  be  necessary  to  know  the  characteristic  flow  and  chemical  times. 

For  reasons  of  simplicity  we  introduce  a  critical  temperature  at  cft1  in  the  fuel  rich 

region  below  which  the  reactions  freeze,  as  it  was  first  done  by  Libby  [2]  for  a  laminar 
boundary  layer  combustion. 

Since  the  concentrations  of  intermediate  species  are  close  to  zero  at  the  reaction 
zone  boundary  on  the  fuel  lean  side,  equilibrium  can  be  assumed  throughout  the  fuel  lean 
region.  If  the  flame  approximately  can  be  assumed  to  be  adiabatic  with  respect  to  its 
surrounding  then  it  is  not  necessary  to  solve  an  energy  balance  equation  to  calculate 
the  temperature  and  gas  composition,  which  are  obtained  from  an  adiabatic  equilibrium 
calculation  if  the  fuel  mass  fraction  cA  is  known. 

Otherwise  a  non  adiabatic  equilibrium  calculation  has  to  be  performed  and  in  addition 
the  energy  equation  has  to  be  solved. 

To  calculate  the  equilibrium-zone  composition  and  temperature,  a  computer  program  of 
Pratt  and  Wormeck  (3]  was  used.  In  the  fuel  rich  region  I,  Fig. 1 ,  our  crude  assumption  is 
that  the  gas  is  a  mixture  of  unreacted  fuel  and  an  averaged  concentration  of  products  of 
the  equilibrium  zone. 

The  steps  of  the  temperature  and  concentrations  at  the  freezing  boundary  cftl  of 

cause  are  physically  unrealistic  because  of  finite  reaction  rates  and  molecular  diffusion. 
But  as  ve  are  dealing  with  a  highly  turbulent  flow  this  simplifying  assumption  may  be 
adapted. 

To  account  for  the  influence  of  turbulent  fluctuations  we  introduce  a  probability 
density  function  for  the  mass  fraction  of  fuel  atoms  P(cA> .  It  is  a  modified  Gaussian 

function  and  was  derived  by  Haberda  (4J,  based  on  experiments. 

Mean  values  of  the  flow  variables  are  obtained,  if  the  instantaneous  values  4>(cA) 
of  the  flame  zone  approximation,  Fig.1,  are  introduced  from  the  relation,  [4]:  '4 


1 

$(cA)  =  a  J  $  (cft)  P<cA)  dcA  +  (1  -  a)4>M  (2.1) 

o 


with  a  as  the  intermittancy  factor  being  a  function  of  the  turbulence  intensity  of  the 
concentration  fluctuations. 


3.  BASIC  EQUATIONS 


The  conservation  equations  for  two-dimensional  flows  can  be  written  in  the  general 


3  ( 1  a  (rpy?)  3_  34\  .  1  L  (rr  Mi  _  e 

3x  r  3r  3x  $  3x  r  3r  lr  4>  3r'  b4> 


$  =  u,v,c^,k,e,c^  . 

The  set  of  equations  given  by  Eq.(3.1),  the  equation  of  state  and  Eq.(2.1)  including 
the  flame  zone  approximation,  Fig.1,  determine  the  problem. 

3.1  Jet  Flames  of  Boundary  Layer  Type 


For  jet  flames  of  boundary  layer  type  Eg . (3.1)  in  terms  of  the  x-momentum  equation 
becomes  after  an  order  of  magnitude  analysis  for  large  density  fluctuations 

(■jj—  -  1),  as  derived  by  Bray  [5] 


+  1  +  3  ^  +  ——p  +  - 


with  Su  for  the  buoyancy  term. 


Introducing  a  stream  function  by 


|f  =  -  (pv)r,  |f  =  P  u  r 


and  neglecting  the  term  v  p'u'  of  the  turbulent  shear  stress  in  Eq . (3.2)  only  the  triple 

correlation  p'u'v'  remains  which  has  to  be  modelled  for  variable  density  flows  of 
boundary  layer  type  in  addition  to  incompressible  flows. 

Here  we  introduce  the  simple  assumption 

-  p'u'v'  =  cp  u'v'  1  |f  (3.4) 

where  cp  is  an  empirical  constant  which  has  to  be  determined  from  experiments  and  1  is 
a  mixing  length. 

The  term  u'v'  is  given  by  the  known  k-e-model 


u'v'  =  c 


hi  M 

D,r  e  3r 


where  cn  is  an  empirical  expression. 

With  Eqs . (3.4)  and  (3.5)  the  turbulent  shear  stress  becomes 

-  o 

3u  ,  3p.  k  3u 

Tt  =  “  ut  3r  (p  +  cp  1  3r)  cD,r  e  3r  (3.6) 

4 .  NUMERICAL  PROCEDURE 

For  free  burning  jet  flames  of  boundary  layer  type  a  numerical  procedure  is  applied 
which  has  been  derived  by  Thiele  [6] .  The  numerical  procedure  for  predicting  che  elliptic 
flow  field  was  taken  from  (7]. 

Before  the  parabolic  differential  equations  according  to  Eq. (3.2)  are  solved  numeri¬ 
cally,  the  following  similarity  transformation  [8]  is  applied 


5  =  ( py , )  dx,  n  =  prdr/S^ 


with  the  transformed  stream  function 


0-4 


f(S,n)  =  */CK 


(4.2) 


The  value  of  k  is  equal  to  zero  in  the  initial  jet  region  uc  =  uQ  and  4  further 
downstream.  With  this  transformation  the  x-momentum  becomes 


zf nnn  *  <*,  *  «  £s  *  rf>  £„„  *  “n  '  £  £n5>£„  ’  su 


(4.3) 


with 


z  S  2  OHt/(PPt)c 


dr,/p 


(4.4) 


If  the  value  of  z  is  a  function  of  n  only  (for  constant  density  and  eddy  viscosity 
z  =  2  n)  then  a  similarity  solution  is  obtained  from  Eq. (4.3)  and  accordingly  from  the 
other  balance  equations.  Although  there  are  deviations  from  similarity  in  turbulent  jet 
flames,  the  "similarity"-transformation  is  useful  if  the  equations  are  to  be  solved  nu¬ 
merically  as  the  flow  variables  vary  slowly  in  the  main  flow  direction. 

The  transformed  differential  equations  can  be  written  in  the  general  form 

a  Qnnn  +  b  Qnn  +  c  Qn  +  *  QS  +  e  Qn?  =  g  (4” 


where  Q  represents  the  stream  function,  element  mass  fraction  etc. By  applying  the  well 
known  backward  finite-differences  in  ^-direction  the  parabolic  differential  equation  is 
reduced  to  an  ordinary  differential  equation.  This  equation  is  solved  by  the  finite-diffe¬ 
rence  method  of  Hermitian  type.  The  high  accuracy  of  the  method  results  from  the  fact  that 
the  grid  point  values  of  the  function  and  the  first  derivative  are  used  for  the  approxi¬ 
mation  of  the  higher  derivatives.  Thus  we  get  a  considerable  reduction  in  the  number  of 
grid  points  used.  Furthermore,  for  the  momentum  equation  which  is  of  third  order  and  the 
element  mass  fraction  equation  which  is  of  second  order  the  finite-difference  approxi¬ 
mation  yields  a  2  x  2  block-tridiagonal  system  of  finite  difference  equations  which  can 
be  solved  by  a  Gaussian  elimination  procedure.  Due  to  the  transformation  only  few  itera¬ 
tions  are  necessary  to  solve  the  nonlinear  momentum  equation.  An  additional  advantage 
of  the  transformation  is  that  boundary  conditions  u (nw)>  0  can  be  satisfied  without 
difficulties. 

2 

The  system  of  conservation  equation  (4.5)  of  the  unknowns  f,  c.,  c'  ,  k  and  e  has 
been  solved  with  the  constants  of  the  closure  assumptions  as  given  In  Table  1  and  the 
additional  empirical  relations  discussed  below. 

Table  1  (Symbols  as  defined  in  [7]). 


1,43  1,92  0,09  1,0  1,3  2,8  2,0  0,7  0,9 


The  influence  of  the  value  of  the  empirical  constant  c  in  Eq.(3.6)  was  studied  nu¬ 
merically  and  was  found  to  be  approximately  1.5.  p 


As  known  from  Rodi's  investigations  [9]  on  free  turbulent  shear  flows  there  exists 
no  universal  set  of  constants.  To  get  agreement  of  prediction  with  experiment  for  round 
jets  the  value  of  cQ  was  modified  19] .  Other  proposals  have  been  made  also  (10). 


To  account  for  the  curvature  effect  in  a  round  jet  we  prefer 
physical  plausibility  the  following  modification  of  cD  for  round 


-D,r 


=  cr 


r  +  cr  Xc 
r  +  1 


for  simplicity  and 
jets 


(4.6) 


where  cr  is  an  additional  empirical  constant,  which  was  found  to 
The  mixing  length  1  in  Eqs. (3.6)  and  (4.6)  is  given  by  k  and 


k3/2/e. 


be  0.78. 

e  through  the  relation 


5.  RESULTS 

The  influence  of  the  additional  constants  cp  and  c r  accounting  for  variable  density 
and  curvature  effects  were  investigated  systematically  for  parabolic  flows. 

First  investigations  concerned  different  non  reacting  jets  with  density  differences 
due  to  the  mixing  of  two  different  gases  (H9-air  and  C0o-air) . 

Results  are  shown  in  Fig. 2,  where  predictions  are  compared  to  experimental  values  (11,  12]. 

2  2 

The  larger  spreading  rate  of  the  hydrogen  jet  in  terms  of  (pu  )  /(pu  )  is  rather 
well  predicted  with  the  constants  cr  =  0.78  and  cp  =  1.5. 
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The  strong  influence  of  the  constant  c  is  demonstrated  in  Fig, 3  where  in  addition  to 
2  P 

(pu  )Q/(PU“)  the  reciprocal  value  cQ/cc  of  the  mass  fraction  is  shown. 

In  the  next  Fig . 4 .predictions  of  the  axial  temperature  profile  of  a  free  burning  na¬ 
tural  gas  flame  are  shown.  There  is  a  remarkable  influence  of  c  as  well  as  of  c  . 

r  p 

The  experimental  data  are  rather  well  predicted  with  those  values  of  the  empirical 
constants  c  =  0,78  and  c  =1,5  which  have  been  fitted  for  the  non  reacting  turbulent 
jets.  p 

The  influence  of  the  constants  c^  and  cp  on  the  spreading  rate  is  shown  in  Fig. 5. 

From  predicted  axial  and  radial  profiles  of  species  concentration  in  Figures  6  and  7 

it  can  be  seen,  that  the  present  reaction  model  yields  satisfying  results.  The  deviations 
of  CO-  and  C02-concentrations  around  x/d  =  60  in  Fig. 6  are  due  to  the  step  of  the  in¬ 
stantaneous  distributions  in  the  flame  zone  approximation,  Fig.1. 

The  flame  zone  model  also  has  been  used  for  the  prediction  of  the  same  natural  gas 

flame  but  enclosed  in  a  combustion  chamber.  The  flame  data  are  j-isted  in  Table  2. 

Table  2  flame  data: 

nozzle  diameter  d  =  8  mm, 
chamber  diameter  D  =  450  mm 
fuel  velocity  u  -  71  m/s 
equivalence  ratio  0,9 

Applying  the  numerical  procedure  of  [7]  preliminary  results  were  obtained.  Axial  pro¬ 
files  of  temperature  T  and  velocity  ratio  u/uQ  are  shown  in  Fig. 8  and  radial  profiles  of 
temperature  and  CO-concentrations  at  two  different  cross  sections  X/d  =  60  and  90,  in 
Fig. 9.  The  calculations  of  the  elliptic  flow  field  have  been  performed  with  cr  and  cp 
both  equal  to  zero,  but  recently  we  found  still  some  influence  of  the  number  of  grid 
points  used  in  the  numerical  sceme.  Present  investigations  therefore  concern  further 
investigations  on  the  influence  of  these  constants. 


CONCLUSIONS 

Numerical  investigations  on  free  turbulent  jet  flames  have  shown  that  it  is  ne¬ 
cessary  to  account  for  variable  density  in  the  closure  approximation  of  the  k-E-model. 
Further  investigations  concerning  the  influence  of  variable  density  in  elliptic  flow 
fields  are  necessary. 

The  flame  zone  model  was  found  to  be  appropriate  for  the  prediction  of  intermediate 
species  in  the  fuel  rich  region,  where  CO  exists  to  a  large  extend. 

This  comparatively  simple  model,  based  on  the  mass  fraction  of  fuel  atoms  overcomes  the 
disadvantages  of  the  flame  sheet  model. 

As  far  as  the  emission  of  carbonmonoxide  as  a  pollutant  is  concerned,  the  model  would 
be  extended  to  include  the  CO-  +  OH-reaction  kinetic  for  fuel  lean  regions. 

As  the  finite-differ  nee  method  of  Hermitian  type  proved  to  be  advantageous  for  pa¬ 
rabolic  flows  it  is  being  extended  to  predict  elliptic  flows  also. 
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Fig.  2:  Spreading  rate  of  different  turbulent  gaa  jets. 
Comparison  of  prediction  with  experiments 
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Fig.  3:  Influence  of  the  constant  c  on  the  spreading  rate  and 
axial  concentration  of  a  H,p -  air  jet 


DISCUSSION 


J.H.Whitelaw,  UK 

It  is  likely  that  the  round-jet  anomaly  does  not  occur  in  the  sense  that  the  k-e  model  can  calculate  the  plane  jet 
and  not  the  round  jet.  It  is  more  likely  that  the  k-e  cannot  predict  the  spreading  rate  of  either,  if  “flapping”  and 
“room  draughts”  are  present.  Bradshaw  has  shown  that  the  spreading  rate  of  the  flame  jet,  with  its  far-down  stream 
measurements,  is  increased  by  the  low  frequency  effects  of  flapping  and  draughts  and  that,  without  these 
phenomena,  the  spreading  rate  would  be  the  same  as  for  the  round  jet.  Our  own  measurements  show  that  flapping 
does  not  occur  in  round  jets. 

Author’s  Reply 

We  agree  that  the  k-e  model  cannot  predict  the  spreading  rate  of  jets  if  flapping  is  not  taken  into  account.  But  in 
our  opinion  the  gradient  diffusion  approximation  for  a  transported  quantity  0  in  its’  usual  form: 

-7-7  pt  3$ 

<t>\  = - 

00  3ir 

should  be  modified  in  order  to  account  for  the  influence  of  curvature,  see  also  Spalding  (£) 

(I)  Spalding,  D.B.  Turbulent  Mixing  in  Nonreactive  and  Reactive  Flows,  ed.  by  S.N.B.Murthy ,  p.  1 02, 

(1975). 


A.K.Varma,  US 

Earlier  in  Paper  5  we  saw  good  results  obtained  for  Hydrogen-Air  flames  by  the  use  of  a  turbulence  model  that  used 
the  basic  k-e  model  unchanged  but  added  equations  for  p  u'  and  pV .  Can  you  reconcile  your  modifications  of 
the  k-e  model  for  the  effects  of  density  variation  with  the  results  of  Kollman? 

Author’s  Reply 

Kollman  and  our  approach  are  dif  ferent  but  it  cannot  be  excluded  that  they  yield  similar  results.  We  demonstrated 
in  our  presentation  the  effect  of  out  modification  of  the  k-e  model  and  it  would  be  interesting  to  see  the  effect 
of  using  additional  equations  for  p'u'  and  pV  as  Kollman  did  it. 

From  our  own  investigations  we  know  that  the  influence  of  variable  density  in  turbulent  hydrogen  flames  is  less  than 
in  hydrocarbon  flames. 


N.Peters,  Ge 

I  would  like  to  point  out  the  difference  between  the  flame  zone  model  of  Libby  and  Economos  and  your  model. 

In  the  flame  zone  model  freezing  at  a  certain  temperature  results  in  a  jump  of  the  slope  of  the  temperature  and 
concentration  profiles  while  your  model  assumes  the  jump  of  the  value  itself.  The  flame  zone  model  was  shown  to 
correspond  to  the  large  activation  energy  limit  fora  one-step  reversible  reaction1.  I  doubt  that  a  jump  condition 
for  the  values  of  the  dependent  variables  can  be  justified  in  a  rational  way. 

1 .  Peters,  N.  Premixed  Burning  in  Diffusion  Flames  -  the  Flame  Zone  Model  of  Libby  and 

Economos.  Int.  J.  of  Heat  and  Mass  Transfer,  Vol.22,  pp.691-703,  (1979). 


Author’s  Reply 

In  principle  you  agree  with  our  statement  in  Chatper  2. 


Th.T.A.Paaw,  Ne 

Did  you  measure  oxygen  concentrations  on  the  centre-line  of  your  natural  gas  flame,  and  if  so,  have  you  compared 
this  with  your  predictions? 

Author’s  Reply 

Yes  we  compared  our  predictions  to  the  measurments  of  02  in  the  natural  gas  flame.  We  obtained  in  general 
satisfying  agreement  except  at  the  beginning  of  the  flame  where  we  had  an  underprediction  of  oxygen.  This  is  due 
to  the  fact,  that  there  have  been  problems  with  flame  stabilisation.  This  has  not  been  taken  into  account  in  our 
prediction. 
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ON  THE  PREDICTION  OP  TEMPERATURE  PROFILES 
AT  THE  EXIT  OF  ANNULAR  COMBUSTORS 

Osama  M.F.  Elbahar  and  Sigmar  L.K.  Wittig 
Institut  fUr  Thermische  Strdmungsmaschinen 
Universitdt  Karlsruhe  (TH),  Kaiserstr.  12 
D-7500  Karlsruhe  1 

SUMMARY 

Despite  their  inherent  limitations ,  two-dimensional  prediction 
procedures  based  on  solving  the  basic  equations  and  incorporating  the 
k-e  model  of  turbulence  are  shown  to  be  effective  tools  in  designing 
annular  combustors.  In  comparing  the  results  it  is  found  that  predic¬ 
tions  from  available  jet  mixing  correlation  data  within  certain  limi¬ 
tations  will  represent  measurements  from  single  row  injection  more 
accurately.  Detailed  calculations,  however,  will  be  more  effective  in 
predicting  opposite  wall  cooling  air  injection,  multiple  row  jet 
mixing,  heat  transfer,  film  cooling  and  the  effects  of  converging 
combustor  exit.  Because  of  its  relative  simplicity,  the  prediction 
procedure  is  particularly  suited  for  design  parameter  studies. 


LIST  OF  SYMBOLS 

B  slot  width 

Cd  hole  discharge  coefficient 

C  a  constant  in  the  turbulence  model 

w 

D  hole  diameter 

H  duct  or  combustor  height 

h  enthalpy  of  fluid 

J  momentum  flux  ratio 

k  Kinetic  energy  of  turbulence 

m  mass  flow  rate 

S  spacing  between  the  centerlines  of  two  adjacent  holes 

S^  source  term  in  the  conservation  equation  of  the  variable  $ 

T  absolute  temperature 

u  x-component  of  velocity 

v  y-component  of  velocity 

W  width 

x  distance  in  flow  direction 

y  distance  in  direction  perpendicular  to  x 

z  distance  in  direction  perpendicular  to  both  x  and  y 

exchange  coefficient  for  the  variable  $ 
u  fluid  viscosity 

p  density 

8  dimensionless  temperature  ratio 

e  dissipation  of  turbulence  energy 

4  general  notation  of  a  dependent  variable 


Subscripts 

c 

jet  centerline 

eff 

effective 

3 

related- to  the  cooling  air 

jet 

min 

minimum 

t 

turbulent 

w 

wall 

♦ 

related  to  the  variable  $ 

1/2 

half  quantity 

CO 

related  to  mainstream 

Superscripts 

+ 

plus  side,  or  side  away  from  jet  entrance  wall 

- 

minus  side,  or  side  toward 

jet  entrance  wall 

1 .  INTRODUCTION 

Recent  attempts  to  increase  the  specific  power  or  thrust  and  to  reduce  the  specific 
fuel  consumption  of  jet  engines  as  well  as  of  stationary  gas  turbines  necessitates  ope¬ 
ration  under  high  turbine  inlet  temperatures.  Elevated  inlet  temperatures  imply  increa¬ 
singly  stringent  limitations  upon  the  temperature  profile  at  the  entrance  to  the  turbine, 
i.e.  exit  of  the  combustor.  Hot  gas  temperature  profiles  must  be  matched  carefully  to 
turbine  blade  stress  levels  if  long  turbine  life  is  to  be  attained.  For  this  reason,  pre¬ 
diction  techniques  for  the  temperature  profile  at  the  combustor  exit  have  become  of  pri¬ 
mary  importance. 

The  development  of  the  temperature  profiles  depends  primarily  on  the  mixing  process 
between  the  cooling  air  and  the  hot  gas  flow  in  the  mixing  (dilution)  zone  of  the  com¬ 
bustor1.  In  addition  to  providing  a  suitable  temperature  profile,  rapid  mixing  of  the 
dilution  air  with  the  hot  gases  exiting  the  primary  and  secondary  zones  will  lead  to  the 
desired  reduction  in  combustor  length  and  to  a  generally  preferred  uniform  rapid  quench 
of  continuing  high  temperature  chemical  reactions.  The  penetration  and  mixing  characte¬ 
ristics  of  rows  of  cooling  jets  injected  into  hot  confined  crossflow,  therefore,  have 
been  the  subject  of  several  experimental  investigations2*3.  The  results  reported  by 
Holdeman  et  al.4  and  by  Walker  and  Kors3  were  used  in  modeling  the  penetration  and 
mixing  characteristics  of  multiple  cooling  jets.  Walker  and  Eberhardt5  developed  a  model 
for  the  temperature  field.  Data  of  selected  tests  from  Reference  3  were  used  by  Cox6  and 
Holdeman  and  Walker7  to  generate  empirical  models  for  predicting  the  temperature  distri¬ 
bution  downstream  of  a  row  of  dilution  jets  injected  normal  to  a  hot  confined  cross  flow 
as  illustrated  in  Figure  la. 


Fig.  1  Schematic  of  multiple- jet  mixing  process: 

a)  single-wall  cooling  air  introduction 

b)  opposite-wall  cooling  air  introduction 


1-i 


The  results  for  the  temperature  field  are  presented  as  profiles  of  the  dimension¬ 
less  temperature  difference  ratio  e  where 

T  -T 

0  -  m  _m  "  ( 1 ) 

-  3 

and  T  is  the  local  total  temperature.  Because  T  >_  Tj,  the  highest  values  of  9  in  any 
profile  correspond  to  the  coolest  region  of  the  flow. 

The  empirical  model  used  in  the  correlations6*7  is  based  on  the  assumption  that  the 
properly  nondimensionalized  vertical  temperature  profiles  in  the  flowfield  can  be  expres¬ 
sed  in  a  self-similar  form,  where  six  scaling  parameters  are  required  to  completely  de¬ 
fine  the  vertical  temperature  profile.  These  scaling  parameters,  shown  in  Figure  2,  are: 

1.  8C,  the  jet-centerline  dimensionless  temperature  difference  ratio; 

2.  0^in»  the  minimum  dimensionless  temperature  difference  ratio  on  the  jet-minus 
side  (the  side  toward  the  wall  from  which  the  jet  enters)  and  plus-side  (the 
side  away  from  the  jet  entrance  wall) ; 

3.  W^/2/Dj  the  normalized  jet  half-width  (the  location  where  e*/2  =  (0C  +  8±i  )/2) 
on  the  jet  plus-side  and  minus-side; 

4.  yc/D,  the  normalized  location  of  the  jet  centerline  (where  9  =  0c). 

The  form  of  the  self-similar  solution  is  nearly  Gaussion.  The  similarity  equation 
is 
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Fig.  2  Typical  jet  center  plane  of  symmetry  vertical-temperature  profile 
showing  similarity  scaling  parameters  (see  Reference  6) 

The  line  defined  by  the  locus  of  y„  as  a  function  of  the  downstream  distance  x  at 
the  jet  center-plane  of  symmetry  (z  =  0),  Figure  la,  is  the  jet  thermal  trajectory.  Be¬ 
cause  the  flow  is  confined,  and  the  profiles  are  not  symmetrical  about  the  centerline, 
the  half  width  Wfy2  and  the  temperature  difference  ratios  are  different  for  the  plus-side 
and  the  minus-side  of  the  profiles.  The  correlations6*7  have  been  developed  for  each  of 
the  scaling  parameters  in  terms  of  the  independent  variables  J,  S/D,  H/D,  x/H  and  z/S. 

The  resulting  temperature  profiles  for  selected  conditions  are  compared  with  measurements 
in  Figures  4,  5  and  6.  It  is  obvious  that  the  predictions  obtained  from  the  correlations 
of  Reference  7  deviate  slightly  from  those  obtained  from  the  correlations  of  Reference  6. 
This  is  due  to  some  additional  simplifications  in  the  form  of  the  correlations  equations 
reported  in  Reference  7. 

Despite  their  usefulness,  major  shortcomings  limit  the  applicability  of  the  jet 
mixing  correlations  to  design  analysis.  Because  of  their  origin,  i.e.  derivation  from 
single  row  injection,  accurate  predictions  of  the  effects  of  multiple  row,  nonsymmetric 
opposite  wall  jet  mixing,  of  heat  transfer  with  the  flame  tube's  walls,  geometrical 
variations  such  as  a  convergent  combustor  exit  as  well  as  the  profiled  inlet  velocity 
and  temperature  are  impossible. 


The  present  study  is  concerned  with  the  development  of  a  prediction  procedure  to  be 
used  in  the  design  analysis  of  the  temperature  profile  in  the  mixing  zone  of  an  annular 
combustor.  Primary  zone  effects  are  not  considered.  The  conservation  equations  of  mass, 
momentum  and  energy  are  solved  by  means  of  a  finite  difference  method  including  the 
two-equation  k-e  model  of  turbulence.  The  accuracy  of  the  model  is  tested  with  available 
measurements. 


2 .  PREDICTION  PROCEDURE 

The  numerical  description  of  turbulent  flows  by  now  is  well  established  and  a  pre¬ 
diction  of  the  mixing  processes  in  the  dilution  zone  of  a  combustor  is  possible.  The 
method  depends  on  the  solution  of  the  time-averaged  conservation  equations  of  mass,  mo¬ 
mentum  and  energy  together  with  a  model  of  turbulence.  The  flow  in  the  mixing  zone  of  a 
combustor  is  three-dimensional  elliptic.  However,  a  computer  program  for  solving  such  a 
system  of  equations,  although  available  in  principle,  cannot  be  considered  as  a  design 
tool,  owing  to  the  huge  storage  capacity  and  the  excessive  computing  times  required. 
Furthermore,  many  aspects  of  the  three-dimensional  codes  are  not  yet  well  tested.  These 
problems  are  simplified  in  the  present  study  by  assuming  that  in  order  to  predict  the 
average  radial  temperature  profile  at  the  exit  of  the  combustor  it  is  sufficient  under 
certain  conditions  to  consider  the  flow  to  be  two-dimensional.  Results  of  the  computa¬ 
tions  subsequently  can  be  compared  with  measurements  and  predictions  from  available 
correlations. 

The  problem  considered  is  that  of  the  injection  of  one  or  more  rows  of  cooling  jets 
in  a  hot,  confined  crossflow  either  from  one  side,  Figure  la,  or  from  both  sides. 

Figure  lb.  This  is  a  typical  case  of  three-dimensional  and  recirculating  flow  which  will, 
however,  be  approximated,  as  mentioned  before,  to  a  two-dimensional  one  by  assuming  that 
each  row  of  jets  could  be  modeled  by  a  slot  of  equivalent  area,  so  that  the  momentum  flux 
ratio  and  the  mass  flow  ratio,  defined  respectively  as 
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remain  unchanged.  It  has  been  shown  that  the  momentum  flux  ratio  J  is  the  most  important 
parameter  of  the  jet  mixing  processes6. 

The  approximated  model  of  the  flow  was  then  tested  by  comparing  the  resulting  pre¬ 
dictions  of  the  temperature  profiles  with  those  of  the  jet  mixing  correlations  of  Refe¬ 
rences  6  and  7  and  with  the  measurements  reported  in  Reference  6.  The  predicted  as  well 
as  the  measured  temperature  profiles  represent  average  values,  in  a  transverse  direction, 
of  all  the  temperatures  at  a  given  vertical  location,  i.e.  certain  value  of  x/K. 

For  a  steady  flow,  the  time-averaged  conservation  equations  of  mass,  momentum  and 
energy  can  all  be  cast  in  the  following  form: 


(pu^) 


(r*,eff  ax*5  +  V 


(5) 


where  $  stands  for  any  of  the  dependent  variables,  and  is  a  "source  term".  Setting 
4>  =  1  in  the  above  equation,  one  gets  the  mass  conservation  equation;  whereas  for  ♦  =  u 
and  v  one  gets  the  momentum  equations  in  x  and  y  directions,  respectively.  The  equation 
for  4  =  h  represents  the  conservation  of  the  stagnation  enthalpy;  it  is  derived  from  the 
first  law  of  thermodynamics  under  some  simplifying  assumptions.  The  local  temperature 
can  be  easily  obtained  upon  solving  the  h-equation.  Further  information  on  the  above 
mentioned  system  of  equations  may  be  found,  for  instance,  in  References  8  and  9. 

For  the  estimation  of  S.  and  r.  it  is  necessary  to  know  the  local  values  of  the 
effective  viscosity,  defined  as 

Peff  =  4t  +  4  (6) 


In  order  to  calculate  the  distribution  in  the  field  of  the  turbulent  viscosity  ut, 
a  turbulence  model  must  be  included.  The  model  applied  here  is  the  so-called  k-e 
model10;  it  involves  two  transport  equations  for  two  turbulence  characteristics.  One  of 
the  equations  governs  the  distribution  in  the  field  of  k,  the  kinetic  energy  of  the 
fluctuating  motion;  the  other  determines  the  turbulence  energy  dissipation  e.  The  dif¬ 
ferential  equations  for  k  and  e  are  of  the  form  of  equation  (5).  The  turbulent  viscosity 
can  then  be  calculated  from 

Ut  =  pCJJk2/e  (7) 


The  turbulence  model  constants  were  chosen  following  Reference  11. 
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The  solution  procedure  chosen  to  solve  the  above  system  of  equations  is  an  iterati¬ 
ve  finite  difference  one12.  The  solution  follows  at  specified  points  in  the  integration 
domain.  A  25  x  25  grid  was  found  to  be  suitable  for  performing  the  calculations.  A  well- 
converged  solution  was  obtained  after  approximately  300  iterations. 

To  complete  the  mathematical  formulation  of  the  problem,  it  is  necessary  to  specify 
the  boundary  conditions  along  the  boundaries  of  the  integration  domain.  The  jet-to- 
mainstream  velocity  and  temperature  ratio  as  well  as  the  mass  flow  ratio  were  set  equal 
to  those  of  the  experimental  conditions.  The  values  of  k  and  e  at  the  inlet  plane  were 
caxculated  in  a  similar  way  as  in  Reference  11,  whereas  gradients  of  the  dependent  vari¬ 
ables  in  the  mainstream  direction  were  set  equal  to  zero  at  the  exit  plane.  To  avoid  the 
need  for  detailed  calculations  in  the  regions  close  to  the  solid  walls,  the  so-called 
wall-function  approach  was  used10.  It  employs  algebraic  relations  for  the  near-wall  grid 
nodes,  which  have  to  be  spaced  at  such  a  distance  from  the  neighbouring  walls  that  they 
lie  within  the  so-called  logarithmic  layer. 

Furthermore,  for  the  present  study  the  Reynolds  analogy  was  used  to  calculate  the 
heat  exchange  with  the  walls  from  the  calculated  value  of  the  local  wall  shear  stress . 
However,  the  boundary  conditions  for  T,  and  accordingly  h,  could  also  be  given  through 
ti'.e  specification  of  the  gradient  or  the  heat  flux  at  the  wall. 


3.  RESULTS  AND  DISCUSSION 

The  present  prediction  model  is  an  attempt  to  approximate  an  originally  three- 
dimensional  flow  to  a  two-dimensional  one.  Despite  its  limitations,  it  shows  several 
advantages  compared  to  the  jet  mixing  correlations: 

1.  It  can  be  easily  developed  to  include  calculations  under  complex  geometries; 
e.g.  the  converging  end  of  the  annular  combutor  to  the  turbine  inlet. 

2.  Despite  the  expected  discrepancies  in  the  temperature  predictions,  the  model  is 
sensitive  to  the  heat  transfer  between  the  gases  and  the  combustor  walls,  where¬ 
as  the  predicted  wall  temperatures  from  the  jet  mixing  correlations  are  comp¬ 
letely  indepentent  therefrom.  Figure  3  shows  the  pronounced  effect  of  the  pre¬ 
dicted  temperature  profile.  The  figure  includes  the  predictions  of  correlations 
as  well  as  the  measurements  and  the  predictions  of  the  present  procedure  under 
two  assumptions;  the  first  case,  curve  (1),  represents  predictions  obtained  by 
setting  the  boundary  conditions  via  the  wall  heat  flux  as  previously  explained, 
whereas  curve  (2)  represents  the  predicted  profile  under  the  same  conditions  ex¬ 
cept  for  the  bottom  wall,  Figure  la,  where  the  boundary  conditions  were  speci¬ 
fied  by  setting  the  temperature  gradient  at  the  wall  equal  to  zero.  A  comparison 
shows  clearly  that  changing  the  conditions  of  heat  transfer  with  the  walls  does 
not  only  affect  the  local  value  of  temperature,  Figure  3,  but  also  affects  the 
shape  of  the  predicted  profile  itself. 

3.  In  general  the  cooling-air  jets  are  introduced  from  both  walls,  as  schematically 
shown  in  Figure  lb.  The  jet-mixing  correlations  cannot  predict  this  case  accura¬ 
tely,  especially  for  nonsymmetric  geometries. 


Figure  4  shows  a  comparison  between  the  results  of  the  present  predictions  with 
available  measurements  and  correlations  for  a  test  case  with  S/D  =  2.  The  profiles  from 
the  correlations  of  References  6  and  7  as  well  as  the  measurements  are  averages,  in  a 
transverse  direction,  between  two  planes  of  symmetry,  of  all  the  temperature  values  at 
the  considered  axial  location  x/H.  Here,  the  predictions  were  carried  out  for  three  axial 


locations,  x/H  =  0.25,  0.5  and  1.0.  Thus,  the  ability  of  the  procedure  to  predict  the 
temperature  profiles,  even  close  to  the  jet-injection  plane,  was  tested.  The  results  are 
in  relatively  good  agreement  with  the  measurements,  even  at  low  values  of  x/H. 


X/H  =  0.25 


X/H  =  0.5 


X/H  =  1.0 


<00  600  TtK] 


-  Predictions,  Reference  6  -  Predictions,  Reference  7 

_  Present  predictions  o  Measurements 

Fig.  4  Comparison  of  measured  and  predicted  average-temperature 
profiles:  J  =  57.31 ,  S/D  =  2,  rf/D  =  12. 


Figure  5  illustrates  the  effects  of  an  increase  in  spacing  to  S/D  =  4.  Here,  as  ex¬ 
pected,  predictions  and  measurements  dc  not  agree  quite  as  well,  the  location  of  the 
point  of  minimum  temperature  is  shifted  towards  the  bottom,  i.e.  injection  wall.  This  is 
due  to  two  reasons:  firstly,  for  the  same  mass  flow  ratio,  the  value  of  H/B  is  conside¬ 
rably  higher  than  H/D  and  hence  the  penetration  of  the  cooling  jets  will  be  drastically 
reduced6;  secondly,  as  che  value  of  S/D  increases,  the  distance  between  each  two  cooling 
jets  increases  allowing  more  flow  of  hot  ga?es  in  the  gaps  between  the  jets  and  resul¬ 
ting  in  some  heating  of  the  region  near  the  bottom  wall.  However,  Figure  5  shows  clearly 
that  present  predictions  are  in  good  qualitative  agreement  with  the  measurements;  the 
minimum  temperature  increases  and  the  profile  is  flattened  with  increasing  distance 
downstream  the  injection  plane,  i.e.  inerwasing  x/H.  As  S/D  is  found  in  the  range  between 
3  and  4  for  the  new  generation  of  annular  combustors,  the  present  prediction  method  is 
suitable  for  preliminary  analysis  in  combustor  design. 

As  previously  mentioned,  the  major  advantage  of  the  present  prediction  procedure 
compared  to  the  correlations  approach  is  the  possibility  of  its  use  under  complex  flow 
and  geometrical  conditions.  Opposite-wall  cooling  air  injection  is  a  characteristic  of 
the  mixing  zone  of  annular  combustors.  Especially  for  non-symmetric  injection  the  appli¬ 
cation  of  available  correlations  is  questionable.  Figure  6  shows  predictions  of  the 
present  procedure  for  a  typical  test  case  with  opposite-wall  cooling  air  injection.  Pre¬ 
dicted  are  the  temperature  profiles  at  three  axial  locations:  x/H  =  0.25,  0.5  and  1.0. 

The  dotted  profiles  are  those  for  the  case  of  single-wall  injection  but  with  all  other 
boundary  conditions  kept  constant,  e.g.  mass-flow  ratio,  temperature  ratio  ..  etc.  The 
rapid  increase  of  the  minimum  temperature  and  the  flattening  of  the  profile  with  increa¬ 
sing  x/H  points  out  that  the  mixing  under  such  conditions  is  considerably  faster  than 
that  for  single-wall  injection.  This  is  expected  and  can  be  explained  if  one  imagines 
that  for  each  row  of  jets  in  the  opposite-wall  case  the  effective  duct  height  is  smaller 
due  to  the  existence  of  the  opposite  row  of  jets,  and  hence  the  mixing  should  be  faster. 
Using  the  present  procedure,  calculations  under  more  complex  geometrical  and  flow  con¬ 
ditions,  e.g.  converging  end  of  the  combustor,  double-row  opposite-wall  cooling  air 
injection  etc.  are  possible13. 
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Fig.  5  Comparison  of  measured  and  predicted  average-temperature 
profiles;  J  =  60.34,  S/D  =  4,  H/D  =  12. 
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Fig.  3  Effect  of  cooling  air  introduction  from 
both  walls  on  the  temperature  profile 
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4 .  CONCLUSIONS 

The  present  prediction  procedure  for  the  calculation  of  the  average  radial  tempera¬ 
ture  profiles  in  annular  combustors  was  compared  with  experimental  measurements  and  with 
two  different  jet  mixing  correlations.  Despite  the  crude  assumption  of  two-dimensional 
flow,  the  agreement  between  predicted  temperature  profiles  and  the  measurements  is  suf¬ 
ficient,  for  use  as  a  preliminary  design  tool  for  complex  geometries  as  originally  in¬ 
tended  .  Although  the  jet  mixing  correlations  give  better  predictions  of  those  measurements 
from  which  they  were  developed  -  as  expected  -  the  present  procedure  represents  a  better 
design  technique;  as  it  can  be  easily  developed  to  include  the  effects  of  heat  transfer 
with  the  combustor  outer  casing,  the  converging  combustor  exit  (turbine  inlet),  the 
effects  of  film-cooling  and  opposite-wall  cooling-air  injection.  The  use  as  a  design  tool 
to  show  the  effects  of  changing  the  design  parameters  of  the  combustor  seems  to  bear  con¬ 
siderable  advantages.  The  final  design  decission,  however,  should  be  based  on  a  more  de¬ 
tailed  analysis,  i.e.  three-dimensional  calculation.  Presently  detailed  experimental 
studies  are  under  way  for  a  verification  of  two-dimensional  and  three-dimensional  codes 


under 

hot  gas  conditions. 
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DISCUSSION 


J.McGuirk,  UK 

I  would  like  to  comment  on  your  explanation  of  the  fact  that  your  predicted  minimum  temperature  is  closer  to  the 
injection  wall  than  was  measured.  I  think  your  reasoning,  which  highlighted  the  physical  differences  between  2D 
calculations  and  3D  measurements,  may  be  correct,  but  even  if  you  compared  with  proper  2D  (plane)  measurements, 
I  think  you  would  discover  the  same  discrepancy.  Calculations  we  have  made  at  Imperial  Collage  for  only  2D 
(i.e.  plane)  slot  jets  in  cross  flow  show  that,  particularly  for  the  high  momentum  flux  ratios  you  are  considering,  the 
recirculation  length  downstream  of  injection  is  too  short,  hence  the  jet  trajectory  curves  too  quickly  back  to  the 
injection  plane,  and  the  same  discrepancy  as  you  observe  is  obtained. 

Author’s  Reply 

Your  comment  is  quite  true.  Earlier  today  we  have  seen  similar  effects  for  more  detailed  calculations.  We  feel  we 
can  introduce  simple  correction  terms  to  account  for  this  effect.  However,  this  is  an  inadequate  procecure  and  we 
preferred  to  present  the  uncorrected  results  for  comparison.  The  basic  problem  -  and  you  certainly  have  a  better 
feeling  for  it  than  we  do  -  probably  stems  from  the  turbulence  model.  In  our  experimental  study  we  are  planning 
to  investigate  this  point  in  more  detail. 


P.Magre,  Fr 

Can  you  predict  the  effects  of  the  inhomogeneities  at  the  exit  of  the  primary  zone  on  the  temperature  profile  at  the 
exit  of  the  burner. 

Author’s  Reply 

The  computer  program  is  certainly  able  to  account  for  i.on-homogeneous  flow  and  temperature  distributions. 
However,  they  must  be  specified  as  boundary  conditions  at  the  inlet  plane  into  the  mixing  zone. 

As  I  already  mentioned,  we  have  not  yet  incorporated  detailed  primary  zone  calculations  discussed  earlier  today  into 
the  present  version  of  the  computer  program. 


D.C.Drybuigh,  UK 

Experience  with  practical  combustors  indicates  that  there  are  large  random  effects  in  the  dilution  zone.  Why  these 
should  exist  is  not  known  with  certainty  but  it  may  be  due  to  unstable  flows  in  the  annulus  feeding  of  the  dilution 
holes,  to  manufacturing  tolerances  and  irregularities  in  the  dilution  holes  and  so  on.  This  appears  to  imply  that 
progress  will  require  the  use  of  fundamental  models  -  possibly  of  finite  difference  type  -  and  that  to  understand 
the  random  effects  we  may  have  to  consider  regions  with  2  or  3  jets,  rather  than  a  region  with  half  a  jet  and  half  a 
space  with  symmetry  conditions.  Could  the  author  comment  on  this  viewpoint? 

Author’s  Reply 

I  agree  basically  with  your  assessment  of  the  general  problem.  These  questions  were  actually  one  of  the  dominant 
reasons  for  us  to  initiate  the  present  study.  We  were  interested  in  evaluating  the  effects  of  various  parameters,  i.e. 
wall  temperature,  momentum  flux  ratio,  non  symmetric  jet  arrangement  etc.  At  present,  however,  our  program  will 
not  be  applicable  to  unsteady  mixing  flows.  These  will  be  considered  later.  The  present  goal  is  to  check  on  the 
limitations  of  available  correlations  and  to  provide  the  designer  with  a  relatively  simple  tool  in  developing  a 
combustor. 


A.Sotheran,  UK 

I  just  make  a  point  that  I  think  practical.  Randomness  begins  in  the  compressor,  and  in  the  diffuser.  You  just  tried 
to  find  it  in  the  dilution  zone.  These  are  more  realist  models  than  all  of  them  with  CO,  NOx  predictions  in  the 
primary  zone. 


Author’s  Reply 
I  agree. 
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Models  for  the  scalar  probability  density  function  (pdf)  have  to  be  developed  to 
achieve  closure  of  turbulent  transport  equations  for  mixing  and  reacting  flows.  A 
delta  function  "typical  eddy"  model  has  been  developed  for  the  joint  pdf  of  the  scalar 
variables.  It  has  been  demonstrated  that  delta  functions  are  a  necessary  part  of  pdf's 
in  order  to  attain  the  extremums  of  the  statistical  constraints  on  the  moments.  The 
statistical  bounds  on  a  number  of  moments  of  interest  for  two  and  three  species  flows 
have  been  derived.  It  has  been  proven  that  a  rational  pdf  composed  of  a  set  of  delta 
functions  alone  can  always  be  constructed  at  any  point  within  the  statistically  valid 
moment  space.  The  model  provides  a  good  representation  of  actual  pdf's  in  two-species, 
variable-density  mixing  flows.  The  model  has  been  directly  compared  to  experimental 
pdf  measurements  and  good  agreement  for  higher-order  moments  has  been  demonstrated.  It 
can  be  shown  that  the  delta  function  pdf  model  is  significantly  simpler  than  other 
proposed  pdf  models  and  is  more  than  adequate  for  the  closure  of  the  transport  equations. 

NOMENCLATURE 


Pl«  P2 


V  V  WY 


arbitrary  variables 
arbitrary  function 
pressure 

probability  functions 
universal  gas  constant 
temperature 
flow  velocity 

molecular  weights  of  species 
coordinate  in  flow  direction 
coordinate  normal  to  flow  direction 


“3 

6J  (a-A) 


species  mass  fractions 
model  parameter 

delta  function  located  at  a  °  A 

1  -  w 


Superscripts 


wa 

cell  sixes  in  "typical  eddy"  model 

entropy  of  mixing 

model  parameter 

arbitrary  constant 

density 

normalized  density 


time  average 

fluctuation  about  mean  value 


INTRODUCTION 

Mixing  and  chemical  reactions  under  turbulent  flow  conditions  are  a  basic  feature  of 
the  energy  release  processes  in  gas  turbine  combustors  and  other  propulsion  systems,  and 
any  predictive  modeling  of  the  flowfield  has  to  properly  account  "for  the  effects  of  the 
turbulence  of  the  flow  and  its  interactions  with  various  physical  and  chemical  processes. 
There  are  significant  interaction  effects  of  the  turbulence  on  combustion  and  of  the 
combustion  on  the  turbulence,  which  are  important  in  determining  combustion  efficiency, 
pollutant  formation,  combustion  noise,  heat  transfer,  etc.  Second-order  closure  modeling 
of  turbulent  flows  provides  a  convenient  framework  for  studying  these  interactions  and 
holds  promise  of  providing  a  reliable  predic-ive  computational  tool  for  the  design  of 
new  systems  and  improvement  of  existing  combustion  systems. 

The  presence  of  finite-rate  chemical  reactions  in  a  turbulent  flow  introduces  the 
problem  of  proper  modeling  of  many  higher-order  correlations  involving  scalar  variables 
such  as  concentration,  density  and  temperature.  The  transport  equations  for  the  mean 
variables  and  the  second-order  correlations  are  solved  in  a  3eeond-order  closure  procedure 
and  these  equations  and  especially  the  chemical  reaction  source  terms  contain  many  third- 
'rder  and  higher-order  correlations,  such  as  Tg,  p2a,  kpa,  etc.  These  correlations  have 
to  be  modeled  in  terms  cf  the  lower-order  moments  to  close  the  system  of  transport 
equations.  A  convenient  procedure  for  modeling  these  scalar  correlations  is  to  model  or 


calculate  the  probability  density  function  (pdf)  for  the  scalars.  This  procedure  is 
being  used  at  A.R.A.P.,  as  well  as  by  Rhodes,  et  al.,  (1)  Bray  and  Moss,  (2)  Lockwood  and 
Naguib  (3),  Libby  (4),  Bonniot  (5)  and  Kewley  (6). 

A  number  of  the  above  approaches  require  a  number  of  simplifying  assumptions  and 
deal  only  with  one-dimensional  pdf's.  Most  of  them  are  also  restricted  to  fast  chemistry 
and  cannot  handle  finite-rate  chemical  reactions.  The  A.R.A.P.  model,  called  the  delta 
function  "typical  eddy"  model  is  designed  to  be  applicable  to  finite  rate  chemical 
reactions  and  models  the  joint  pdf  for  all  the  scalars  in  a  turbulent  reacting  flow.  The 
basic  model  has  been  discussed  by  Donaldson  (7)  and  Donaldson  and  Varma  (8).  Kewley  (6) 
is  using  the  A.R.A.P.  model  with  some  modifications  and  has  reported  good  results  on 
modeling  of  reacting  flows. 

Efforts  are  also  being  made  to  avoid  the  assumptions  regarding  the  shape  of  the  pdf, 
by  directly  solving  transport  equations  for  the  pdf  (9,  10,  11),  However,  these  equations 
have  only  been  solved  for  very  simple  flowfields  and  there  appear  to  be  serious  modeling 
problems  for  some  of  the  terms  in  the  equations.  Spalding  (12)  has  recently  proposed  an 
alternate  approach  that  involves  the  calculation  of  the  pdf  by  following  the  age  history 
of  various  eddies. 

The  paper  discusses  the  statistical  behavior  of  scalar  variables  in  turbulent  flows. 
Constraints  on  two  and  three  species  systems  have  been  derived.  The  delta  function 
"typical  eddy"  pdf  model  has  been  carefully  tested  against  pdf  measurements  in  a  two- 
species,  variable-density  mixing  layer  and  good  results  have  been  obtained, 

STATISTICAL  CONSTRAINTS  ON  CORRELATIONS 


Basic  statistical  principles  can  be  used  to  develop  a  set  of  constraint  conditions 
on  correlations  of  various  variables  in  a  turbulent  flowfield.  The  procedure  is  quite 
general  and  can  be  applied  to  scalar  or  vector  variables,  but  at  the  present  time,  we  are 
mainly  interested  in  the  constraints  on  scalar  moments — specifically  those  for  the  the 
species  mass  and/or  molar  concentration  variables. 

The  constraint  conditions  are  useful  in  a  number  of  ways.  The  statistical  constraints 
on  first  and  second-order  correlations  are  important  in  the  question  of  "realizability" 
of  second-order  closure  turbulence  models.  The  lower-order  moments  are  calculated  by  the 
solution  of  a  set  of  modeled  partial  differential  equations.  It  is  possible  that  the 
modeled  equations  may  not  have  solutions  that  are  consistent  with  the  independently 
derived  statistical  constraints,  and  this  will  require  appropriate  corrections  to  the  models 
used  in  the  equations.  The  statistical  constraints  on  the  third-order  and  higher-order 
moments  are  also  useful  in  formulating  models  for  these  correlations.  They  are  also  useful 
in  determining  model  sensitivity  and  the  error-bounds  of  the  modeling  procedure. 

BASIC  THEOREMS 


Cauchy-Schwarz  Inequality 

The  statistical  constraints  on  various  moments  of  the  fluctuations  are  basically 
derived  from  conservation  conditions  and  the  Cauchy-Schwarz  inequality.  The  Cauchy- 
Schwarz  condition  for  arbitrary  variables  f  and  g  is 

F-  '  g7  >  Ig2  (1) 

The  equality  holds  if  and  only  if, 

f  -  Ag  (2) 


In  principle,  with  suitable  choices  of  f  and  g,  one  can  derive  all  the  required 
statistical  constraints.  In  practice,  this  is  not  easy.  A  very  useful  short-cut  is  the 
use  of  a  "Renormalization  Theorem."  Jf  we  have  proven  that. 


Jo 


(A)P,(A)dA 


j g^AjP^AjdA  >  fgP1 


(A)dA 


,3) 


then  it  can  be  proven  that  for  H(A)  >  0 


1 

Hf2(A)P1(A)dA 


1 

Hg2(A)P1(A)dA 


> 


1 

HfgP1(A)dA 


(4) 


The  proof  is  simple.  Since  Eqn.  3  is  valid  for  all  P, ,  one  can  select  P^  of  the 
special  form  HP-  for  any  P~.  Then  Eqn.  4  follows.  Note  that  the  reverse  passage  from 
Eqn.  4  to  Eqn.  3  is  not  valid  in  general. 

Two  other  inequalities  are  useful. 

Jensen's  Inequality 

If  f(a)  is  convex  (£"  >  0  throughout  the  domain  of  interest,  0  <  a  <  1)  then, 

TW  >  f  (a)  (5) 
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Tchebytcheff 's  Inequality 

If  f  and  g  are  similar  functions,  that  is,  they  both  increase  or  both  decrease  in 
the  interval,  0  <  a  <  1,  then 


7g  !  ?  g 

STATISTICAL  CONSTRAINTS  FOR  TOO  SPECIES 


(6) 


Consider  a  two  species  flow  with  constant  pressure  and  temperature,  a  and  8  are  the 
mass  fractions  of  the  species.  Assume  >  Wg.  o*  is  a  normalized  density, 


define 


P*  =  p/Wflp/RT 

W„ 


A  =  1 


8 

fl¬ 

ee 


p'  =  T'  =  0 


0  <  A  <  1 


then 

p,v  =  1/1-Aa 

A  simple  conservation  constraint  on  ct  is 

a  +  8  =  1 
or  0  <  a  <  1 

r 

then 
and 


0  <  a  <  T 


cr  <_  a 

Consider  f  =  a,  g  =•  1  in  the  Cauchy-Schwarz  inequality 

a7  1  >_  a 

Therefore,  the  bounds  on  the  second  moment  a7"  are 


Using  the  renormalization  theorem  with  H(a)  **  a,  Eqn.  11  becomes, 

2 

SF  >  H 


(7) 


(8) 


(9) 


(ID 


(12) 


(13) 


Using  the  renormalization  theorem  with  H  (a)  =  1-a,  Eqn.  11  becomes, 


or 


a*(l-a)  >  2UE«I 

1-a 

?  <  ?  -  && 
1-a 


(14) 


Therefore,  the  bounds  on  the  third  moment  aT  for  given  a  and  a7  are, 


2  __ 
a7"  <  cl7  <  a?  - 

(a  a7) 

a 

1-cT 

The  bounds  on  the  third  moment  given  only  a  can  be  derived  in  a  similar  manner  with 
the  help  of  Jensen's  Inequality  for  the  lower  bound 

a  <_  oi7  <_  a  (16) 

It  is  an  interesting  exercise  to  compare  the  bounds  on  cT7  given  by  the  two  Eans.  15 
and  lvA  The  results_are  shown  ir.  Figure  1.  The  dotted  lines  are  the  bounds  on  a*  for 
given  a.  For_given  a,  we  now  pick  cr  to  correspond  to  the  middle  of  its  allowed  range, 

that  is  F  =  — .  Then,  the  solid  lines  indicate  the  bounds  on  a7  for  specified  a  and 
a7.  The  important  point  to  be  noted  is  that  the  bounds  on  a"3"  when  two  lower-order 
moments  are  specified  are  significantly  narrower  than  the  bounds  when  only  one  lower-order 
moment  is  specified.  This  is  quite  significant  and  leads  to  a  very  important  conclusion 
for  our  approach  to  the  modeling  of  the  scalar  probability  density  function. 

The  statistical  constraints  on  p*a  and  p,v2  have  also  been  derived  by  a  similar 
procedure.  The  result  for#p*a  is, 


2 


(17) 


- — <  p^r  <  t-4-t  -Mq-^7). 

a  -  Aa*  (1-a)  -  ACa-a2") 

Further  details  of  the  procedures  are  discussed  by  Varma,  et  al.  (13).  For  a  two 
species  system,  we  have  obtained  the  complete  set  of  constraints  on  all  moments  up  to  the 
third-order  for  prescribed  lower-order  moments. 

PDF  STRUCTURE  FOR  EXTREMUM  VALUES  OF  MOMENTS 


The  extremum  values  of  the  statistical  bounds  can  only  be  realized  by  discrete 
probability  density  functions,  that  is,  £df's  composed  of  delta  functions.  Consider  the 
bounds  on  a7.  At  the  upper  bound,  a7  =  a  and  the  pdf  can  be  shown  to  correspond  to  two 
delta  functions  located  at  «  =  0  and  1.  This  can  be  proven  as  follows: 


or 


P(a)da  =  0 


Ibr  nonzero  P(a),  a-a2 
to 


0  or  a  =  o  and  <*  =  1  are  the  only  solutions.  This  corresponds 


P(a)  =  (1-a)  6(a)  +  a  5(ct-l)  (18) 

as  the  pdf  at  the  upper  bound. 


- given  a 

-  ~  a  +  a 

- given  a,  a  - — - — 


FIGURE  1  -  Coriparison  of  the  statistical 
bounds  on  a7  for  specified 
lower-order  moments. 


Similarly,  at  the  lower  bound,  a*  “  a  ,  the 
pdf  can  be  shown  to  be 

p(a)  -  6 (a-a)  (19) 

The  two  limiting  pdf's  are  illustrated 
in  the  sketch.  A  popular  model  for  the 
pdf  is  a  clipped  Gaussian  (3).  For  small 
fluctuations,  this  model  does  approach  the 
limiting  £df  corresponding  to  the  lower 
bound  on  a7-.  However,  it  cannot  attain 
the  upper  bound  pdf  corresponding  to 
maximal  fluctuations. 

The  same  result  can  be  proven  for  the 
upper  and  lower  bounds  of  all  the  other 
moments.  Delta  functions  are  a  necessary 
component  of  the  pdf's. 

Continuous  pdf’s  alone  cannot  be  valid 
over  the  entire  moment  space.  Ideally,  a 
pdf  composed  of  delta  functions  and  con¬ 
tinuous  functions  will  be  desirable.  However, 
we  have  demonstrated  that  a  pdf  composed  of 
delta  functions  alone  can  always  be  con¬ 
structed  at  every  point  in  the  statistically 
valid  moment  space,  that  these  pdf's  are 
simpler  to  construct  than  other  proposed 
models,  and  that  they  provide  sufficient 
accuracy  for  closure  of  the  transport 
equations.  This  is  discussed  later  in 
this  paper. 


P(a) 


a 


upper  bound 


lower  bound 


STATISTICAL  CONSTRAINTS  FOR  THREE  SPECIES 


Consider  a  three  species  flow  with  constant  pressure  and  temperature,  a 
represent  the  mass  fractions  of  the  species. 

Given  a  Only 


B,  and  Y 


Me  first  assume  that  only  a  is  specified.  Conservation  relations  and  the  use  of  the 
renormalization  theorem  lead  to  the  following  inequalities. 

0  <  a  < 


0  <  aB 
0  <  ?F 


a  <  a ' 


1 

(20) 

1  - 

a 

(21) 

r  < 

H 

(23) 

1  a -a 

(24) 

<  8 

“  a  8 

(25) 

i,  a 

(26) 

<  a  -20^  +  a7 

(27) 

0  <_  aB 1 

Given  jus_c_cT,  Equs.  (23)  and  (26)  represents  the  tightest  bounds  on  a"1 
stituting  the  a2  and  a3  bounds  in  Eqns.  (24),  (25),  and  (27)  leads  to, 


and 


Sub- 


0  <  aB  <  a  (1-a) 


0  <  IF  <  1-a 


_  _  _ 2  _J 

0  <  aB7  <  a  -  2a  +  a 


(27) 

(28) 
(29) 


These  bounds  on  the  moments  are  plotted  in  Figure  2. 

/3  Giver,  a  and  F 


The  bounds  on  a7  and  F3 
derived  to  be  the  following: 


have  been 


<  a  ‘  <  a 


F  <  F7  <  F 


(30) 

(31) 


a/SJ 


PDF’s  can  be  constructed  that  attain 
these  extremum  values,  and  therefore,  the 
above  represent  the  best  bounds  on  the 
second-order  moments. 

R>r  a  three  species  system,  the  allowed 
phase  space  region  for  the  pdf  is  represented 
by  a  triangle  as  shown  below.  The  specifica¬ 
tion  of  a  and  B  corresponds  to  defining  the 
location  of  the  centroid.  The  lower  bounds 
on  a"2"  and  F7  are  attained  if  the  pdf 
corresponds  to  all  the  mass  distribution 
concentrated  at  the  centroid.  The  upper 
bounds  are  attained  by  the  two  pdf’s  shown 
on  the  right.  In  these  sketches,  the  mass 
locations  are  depicted  by  stars.  Note  that 
the  mass  distributions  along  the  lines  a  =  0 

FIGURE  2  -  Statistical  constraints  on  moments  6  7  0  oust  be  such  that  the  mean  of  the 
for  specified  a  in  a  three  species  distribution  is  located  on  the  line  joining 
^  r  the  vertex  and  the  centroid. 


The  bounds  on  as  are  more  interesting.  We  have  derived  the  upper  bound  on  aB  by  the 
method  of  induction  and  considering  an  arbitrarily  large  number  of  point  masses  (14) .  The 
bounds  are 


0  <  aB  <  -  -  (32) 

a  +  6 

The  lower  bound  is  attained  by  mass  distributions  that  are  restricted  to  the  lines  a 
and  6=0.  The  upper  bound  is  realized  by  the  pdf  on  the  right. 


The  bounds  on  aB2  are  the  smaller  of  the  following  three 


0  <  aB7  < 


a  +  6 


_  2  _ 3 

0  <  aB7  <  a  -  2a  +  a 


0  <  aB7  <  ft(l-B) 


The  best  bounds  on  the  correlations  in  (a,  B)  space  are  shown  in  Figure  3.  It  should 
be  noted  that  very  small  regions  of  the  unit  cube  are  allowed. 


FIGURE  3  -  Statistical  constraints  on  moments  for  specified  a  and  B  ir. 
a  three  species  flow. 


FciLlowing  very  similar  procedure^  we  have  determined  the  allowed  regions  for  B7, 
aB  and  a'Bz  in  a7  space  for  specified  a  and  B.  The  procedure  is  illustrated  below  by 
one  example;  further  details  are  available  in  (14). 

The  independent  bounds  on  a7  and  B7  (Eqns.  30,  31)  define  a  rectangle  in  (a7,  S7) 
space.  However,  there  are  regions  within  the  rectangle  that  must  be  excluded.  Similarly, 
there  are  excluded  regions  in  (a7,  aB)  and  (a7,  aB7)  spaces. 


| 

i 


;  \ 


Consider  a7  =  a  ; 

The  minimal  value  of  a7  is  attained  by  the  following  distribution. 


P(o,fl)  =  P2(B)6(a-a) 
8  =  Jb  P?(B)dB 


/ 


8*  =  B2P2(B)dB 


For  simplicity,  consider  P2(0)to  be  a  two  delta  function  distribution  with  the  delta 
functions  located  on  the  sides  of  the  triangle  (sketch  below) . 


P2(B)  =  (1  -  w)6(B)  +  w6[B  -  ( 1  -  »)3 
B  =  w(l-a) 

¥  =  B(1 -a) 


W  = 

1  -  a 


(34) 


(5,0) 


It  is  postulated  that  B  cannot  be  larger  than  this  value  for  other  general  mass 
distributions  Po(B)  that  are  located  in  the  interior  region  of  the  triangle.  Similarly, 
for  B7  =  B  ,  the  largest  allowed  a7  is 


a7  =  a(l  -  8) 

Using  the  general  distribution, 

aB  =  f  a&  6 (a  -  a)  P2 ( B)  dBda 
=  a  B 

Similarly,  a8z=  a  B7 


(35) 


(36) 


The  allowed  values  of  J7  range  from  B  to  B(l-a)  and  therefore, 

_2  _  _  __ 

8  <  aF  <  8(l-a)  (37) 

The  allowed  bounds  on  the  correlations  for  other  limiting  values  of  a7,  aB,  etc,, 
have  been  similarly  calculated.  The  shapes  of  the  connecting  curves  between  the  allowed 
points  have  been  determined  by  considering  a  series  of  two  delta  function  pdf's,  with  the 


I 

| 

i 

u 


i 

1 


H 


delta  functions  located  on  the  sides  of  the  triangle.  Some  of  the  curves  still  have  to 
be  calculated,  but  their  expected  behavior  is  shown  by  dotted  lines  in  the  figures.  There 
are  some  indications  that  these  represent  the  best  bounds  on  the  moments  but  we  have  not 
yet  completed  the  proof  for  more  general  mass  distributions. 


/32 


.2 


Figure  4  shows  the  results  for  the 
bounds  in  (oT,_'6r)  s£ace  for  two  sets 
of  values  for  a  and  B.  Figures  5  and 
6  show  the  corresponding  results  for 
the  allowed  regions  in  (cF,  alT)  and 
(cF,  aB2)  space.  As  in  the  case  of 
the  bounds  on  the  third  moment  for  two 
species  system,  the  important  feature 
to  note  here  is  the  tightness  of  the 
constraint^  _R>r  specified  lower-order 
moments,  a,  8  and  cF,  aB 1  has  a  maximum 
value  of  order  0.1.  For  three  species, 
we  have  not  yet  investigated  the 
constraints  when  second-order  moments 
involving  the  density  are  also  specified, 
but  this  will  lead  to  futher  tightening 
of  the  bounds  on  the  third-order  moments 
of  interest. 


o 
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FIGURE  4  -  Statistical  bounds  on  F2"  and  cF  for 
specified  a  and  B  in  a  three  species 
system. 


FIGURE  5  -  Statistical  bounds  on  aF  and  a2- 
for  specified  a  and  8  in  a 
three  species  system. 


FIGURE  6  -  Statistical  bounds  on  aF2”  and 
cF  for  specified  a  and  8  in  a 
three  species  system. 


COMPARISON  OF  "TYPICAL  EDDY"  MODEL  WITH  PDF  MEASUREMENTS 


The  "typical  eddy"  model  is  an  attempt  to  define  the  joint  pdf  for  the  scalar 
variables  by  using  all  the  available  information  from  a  second-order  closure  analysis. 

The  model  may  consist  of  combinations  of  delta  functions  and  continuous  functions  but  we 
have  extensively  studied  a  model  composed  of  delta  functions  alone.  The  model  parameters 
are  determined  by  matching  the  moments  of  the  model  to  the  values  of  the  correlations 
obtained  from  the  solution  of  the  transport  equations.  The  procedure  is  detailed  in  (13). 

In  a  two-species,  variable  density  flow,  the  pdf  model  consists  of  4  delta  functions. 
The  model  has  one  free  parameter,  designated  a3,  and  we  have  demonstrated  (13)  that  the 
allowed  range  of  a,  corresponds  directly  to  the  statistical  bounds  on  the  third-order 
moments  a1  or  aB7-.  With  the  parameter  a3  selected  at  any  point  within  its  allowed  range, 
we  have  also  shown  that  a  physically  correct  pdf  model  composed  solely  of  delta  functions 
can  be  constructed  at  every  point  in  the  statistically  valid  moment  space.  We  will  now 
demonstrate  Chat  these  models  provide  sufficient  accuracy  for  closure  of  the  transport 
equations  for  turbulent  flows. 

Comparison  with  Experiments 

Konrad  (15)  has  made  a  series  of  detailed  measurements  of  the  pdf  in  three  shear 
layer  flowfields.  The  measurements  have  been  made  in  (i)  a  He-N2  shear  layer  with  a 
velocity  ratio  u^/u,  =  0.38  and  a  density  ratio  p2  /Pi  =  7.0.  (iij  a  uniform  density 
He+Ar-N2  shear  layer  with  velocity  ratio  of  U2/'u/  =  <3.38  and  (iii)  a  wake  flow  in  which 
the  gases  have  equal  free-stream  velocities  and  a  density  ratio  of  7.  All  the  flows  are 
low  speed  and  two-dimensional.  The  measurements  consist  of  mean  velocity,  mean  concen¬ 
tration,  concentration  fluctuation  correlations,  species  intermittency  functions  and  the 
species  pdf's.  The  latter  two  parameters  are  used  for  the  direct  model  comparison.  Only 
the  results  for  the  first  flowfield  are  discussed  in  this  paper.  Farther  studies  and 
comparisons  are  available  in  (13). 

The  pdf  measurements  are  used  to  determine  the  values  of  the  four  lower-order  moments-- 
a,  a T,  ap,v  and  p*--that  are  needed  to  construct  the  two-species  variable-density  "typical 
eddy"  model.  The  measured  pdf  is  also  used  to  calculate  experimental  values  of  a  number 
of  third-order  correlations  of  interest,  such  as  ct87  and  a7  8.  The  third-order  moments 
are  also  computed  from  the  model  and  the  results  compared  to  the  measurements.  The  valid 
range  of  the  free  parameter  ,  corresponds  to  the  upper  and  lower  bounds  on  the  third 
moments.  3 

Figure  7  presents  the  results  for  the  third  moment  a 6 2  for  the  He-N?  shear  layer.  The 
ordinate  of  the  figure  is  alF  ra0(jei  /aiF  expt  The  abscissa  is  the  normalized  coordinate 

across  the  shear  layer.  The  dotted  lines  show  the  upper  and  lower  bounds  on  the  third 
moment  when  only  two  lower-order  moments  are  used  for  the  model  construction.  In  this 
case  cifeF  mocjei  has  a  large  range  of  possible  values  and  some  models  within  the  statistical 

range  can  lead  to  significant  errors  compared  to  the  experiments.  However,  when  4  lower- 
order  moments  are  specified,  the  model  values  of  afP"  are  tightly  constrained  as  shown  by 
the  solid  lines.  For  the  "typical  eddy"  model,  the  solid  lines  correspond  to  the  entire 
valid  range  of  the  parameter  a  .  It  can  be  seen  that  with  any  choice  of  a3  within  this 
range,  it  is  possible  to  predict  ci8*  (and  other  third-order  moments)  to  better  than  10% 
accuracy.  This  is  significantly  better  accuracy  than  the  expected  error  bounds  on 
experimental  measurements  of  third-order  moments.  Rirther,  such  accuracy  is  expected  to 
be  quite  adequate  for  closure  of  the  transport  equations  for  the  means  and  second-order 
correlations. 

It  must  be  noted  that  the  statistical  constraints  on  the  moments  are  independent 
of  the  pdf  model.  The  "typical  eddy"  model  with  end-choices  of  the  parameter  a3  matches 
the  bounds  on  the  third  moment.  Any  and  all  statistically  valid  pdf  models  that  match 
the  given  values  tor  the  lower  order  moments  will  predict  values  for  the  third  moment 
within  these  same  bounds.  These  other  models  will  typically  be  more  difficult  to  construct 
and  may  not  lead  to  significantly  better  prediction  of  third-order  moments.  Better 
accuracy  in  the  prediction  of  third-order  moments  does  not  appear  to  be  necessary  as  far 
as  closure  of  the  equations  is  concerned.  The  delta  function  "typical  eddy"  model  can  be 
used  to  provide  better  accuracy  by  empirically  selecting  the  parameter  a  at  the  middle 
of  its  allowed  range,  as  shown  in  the  figure.  The  third  moment  can  nov?  be  predicted  to 
better  than  2%  accuracy  across  the  entire  flowfield. 

Konrad  has  also  measured  the  species  intermittency  function  or  the  probability  of 
finding  pure  species  at  various  points  across  the  flowfield.  A  comparison  of  the  model 
predictions  to  the  data  is  shown  in  Figures  8  and  9.  The  theoretical  predictions  use  a 
cutoff  value  of  0.9,  that  is,  a  delta  function  located  at  a  >  0,9  is  considered  to  be  pure 
species  a.  This  is  an  arbitrary,  but  reasonable  criterion.  The  results  in  Figure  8  are 
for  o  equal  to  the  maximum  value  within  its  allowed  range.  This  also  corresponds  to  a 
pdf  structure  with  minimum  mixedness  or  minimum  entropy  of  mixing.  The  entropy  of  mixing 
is  defined  as, 


n  _  E  ei(-pi°i50lnpiai  '  pi6il7glnpipi) 

Figure  9  shows  the  results  for  a  at  midrange  and  a  equal  to  the  minimum  value  allowed. 

It  is  clear  that  the  empirical  choice  of  maximum3 leads  to  significantly  better  agreement 


with  the  experimental  data.  Further  arguments  in  support  of  this  choice  of  a3  that 
corresponds  to  minimum  entropy  of  mixing  are  discussed  in  (13) .  A  qualitative  com¬ 
parison  of  the  delta  function  pdf  for  maximum  a3  and  the  measured  pdf  is  shown  in 


FIGURE  7  i  Comparison  of_model  predictions  and  experiments  for  the 
third  moment  ag7.  He-N2  shear  layer. 


y/(x-x0) 

FIGURE  8  -  Comparison  of  model  predictions 
with  experiments  for  the  probability  of 
finding  pure  species .  a3  maximum  model . 
He-N2  shear  layer. 


Figure  9  -  Comparison  of  model  predictions  with 
experiments  for  the  probability  of  finding  pure 
species.  a3  at  midrange  and  a3  minimum  models 
He-N2  shear  layer. 


Probability  density  functions 


FIGURE  10  -  Comparison  of  delta  function  pdf  with  measured  pdf. 

Figure  10.  The  experimental  pdf  is  reproduced  from  the  report  by  Konrad  (15).  The  delta 
functions  in  the  model  are  shown  at  their  correct  locations  in  the  concentration  space  and 
the  relative  strengths  of  the  delta  functions  are  correct.  The  absolute  magnitude  of  the 
strength  of  the  delta  functions  cannot  be  directly  plotted  on  this  graph  and  we  have 
selected  a  convenient  scale  for  depicting  the  delta  functions.  The  delta  function 
representation  of  the  pdf  seems  to  be  capable  of  capturing  the  important  features  of  the 
experimental  pdf  structure. 

This  limited  comparison  with  detailed  pdf  measurements  indicates  that  the  choice  of 
a 3  maximum  shows  the  best  overall  agreement  with  data  for  a  two  species  variable  density 
mixing  flow.  It  will  be  desirable  to  compare  the  model  to  other  data  for  different  flow 
conditions  for  further  model  evaluation.  Further,  similar  comparisons  of  the  model  for 
three  species  to  measurements  in  simple  reacting  flows  have  to  be  carried  out.  However, 
it  appears  that  the  delta  function  pdf  model  is  capable  of  predicting  higher-order  moments 
to  sufficient  accuracy  for  closure  of  the  transport  equations. 

CONCLUSIONS 

The  direct  comparison  of  the  delta  function  "typical  eddy"  model  for  two  species  with 
pdf  measurements  has  demonstrated  that  this  simple  model  is  quite  adequate  for  achieving 
closure  of  the  transport  equations.  The  complete  set  of  statistical  constraints  on 
correlations  for  two  species  flows  have  been  derived.  The  constraints  have  been  used  to 
prove  that  delta  functions  are  a  necessary  part  of  pdf  in  order  to  attain  the  extremum 
values  of  the  moments.  A  rational  pdf  composed  of  a  set  of  delta  functions  alone  can 
always  be  constructed  anywhere  within  the  statistically  valid  moment  space.  A  pdf  of 
this  type  when  constructed  using  all  the  available  information  in  a  second-order  closure 
calculation,  can  predict  higher  order  correlations  to  an  accuracy  better  than  they  can  be 
measured.  It,  therefore,  appears  unnecessary  to  construct  more  complex  pdf's  for  the 
purpose  of  closure  of  the  turbulence  equations. 

A  number  of  the  important  statistical  constraints  for  three  species  systems  have  been 
derived,  and  these  indicate  that  the  third-order  correlations  are  quite  tightly  constrained. 
Therefore,  it  appears  likely  that  the  conclusions  arrived  at  for  two  species  mixing  flows 
will  also  be  applicable  co  simple  reacting  flows. 
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DISCUSSION 


N.Peteis,  Ge 

Let  me  congratulate  you  for  the  systematic  investigation  of  the  statistical  constraints  for  higher  order  moments. 
However,  let  me  comment  that  I  do  not  believe  that  delta-function  pdfs  will  be  useful  for  the  calculation  of  mean 
reaction  rates  in  combustion  situations.  Laminar  production  rates  plotted  over  the  mixture  fraction  or  a  progress 
variable  (for  instance  temperature)  peak  very  sharply  close  to  the  stoichiometric  mixture  and  at  the  upper  adiabatic 
temperature  limit.  A  delta  function  will  give  a  zero  mean  reaction  rate  if  it  lies  out  of  the  peak  and  the  laminar 
value  if  it  falls  on  it. 


Author’s  Reply 

Please  also  see  the  reply  to  the  question  of  Dr  Jones. 


The  strong  dependence  of  the  reaction  rate  on  the  temperature  is  well-known  and  follows  from  the  Arrhenius  rate 
expression.  We  are  hopeful  that  our  delta  function  joint  pdf  model  consisting  of  7  delta  functions  for  reacting  flows 
will  result  in  the  placement  of  a  number  of  delta  functions  in  the  high  temperature  end  of  the  temperature  spaces 
and  will  predict  the  correct  average  reaction  rate. 


W.P.  Jones,  UK 

As  I  recall  the  experiments  with  which  you  compared  your  calculations  were  isothermal  -  or  nearly  so.  My  feeling 
is  that  if  you  were  to  apply  your  model  to  a  flame,  then  the  results  -  in  particular  the  temperature  profiles  -  would 
be  much  more  sensitive  to  the  selected  p.d.f.  and  that  forms  constructed  from  Dirac  5-functions  will  not  be 
adequate.  My  reasons  for  holding  this  view  are  that  in  calculating  H2  -air  turbulent  diffusion  flames  using  various 
p.d.f.  forms  I  found  that  the  Dirac  6-function  form  generated  double  peaked  radial  temperature  profiles1.  Would 
you  like  to  comment  on  this  result  and  the  implications  for  your  model? 

1 .  Jones,  W.P.  Turbulence  Models  for  Turbulent  Flow  with  Variable  Density  and  Combustion.  To 

be  published  by  Hemisphere  Pub.  Co.,  VKI  Lecture  Series,  1979. 


Author’s  Reply 

The  results  in  the  paper  demonstrate  that  the  delta  function  pdf  model  appears  to  be  adequate  for  mixing  flows. 

We  are  now  working  on  extending  the  pdf  model  to  reacting  flows.  We  are  aware  of  the  referenced  results  of 
Dr  Jones  a^d  are  concerned  about  the  problem  of  greater  sensitivity  of  reacting  flow  calculations  to  the  form  of  the 
pdf.  Fo  simple  reacting  flows  involving  3  species  our  model  for  the  joint  pdf  of  all  the  scalars  will  consist  of  7  delta 
functions  and  we  are  hopeful  that  this  will  lead  to  more  satisfactory  results.  The  main  argument  for  the  delta 
function  model  is  its  simplicity  of  construction  compared  to  other  pdf  models  but  if  the  model  does  not  prove 
satisfactory,  it  is  conceptually  straight-forward  to  use  our  procedure  for  constructing  continuous  type  joint  pdfs. 


C.H.Priddin,  UK 

Your  model  shows  clearly  how  closely  the  third-order  moments  are  bounded  for  correlations  between  species  which 
are  themselves  bounded  by  the  values  0  and  1 .  However,  to  calculate  reaction  rates  one  also  needs  to  evaluate 
correlations  involving  fluctuating  reaction  rate  or  temperature,  which  are  not  bounded  to  such  an  extent.  How  can 
your  model  cope  with  these  terms? 

Author’s  Reply 

We  are  currently  examining  the  constraints  on  temperature  related  correlations.  Bounds  on  the  temperature  variable 
that  can  be  used  are  the  initial  temperature  and  the  adiabatic  flame  temperature,  and  these  can  be  suitably 
normalized  to  range  between  0  and  1 .  We  are  hopeful  that  this  approach  will  enable  us  to  derive  the  desired 
constraints  on  temperature  correlations. 
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SUWARY 


Combustor  flow  fields  found  in  hydrogen  fueled  scramjets  are  quite  complex  and,  therefore,  difficult 
to  analyze.  Analyses  that  adequately  model  the  combustor  nust  not  only  consider  highly  turbulent  and 
reacting  flows  with  complex  wave  structure,  but  also  must  cope  with  the  possibility  of  embedded  subsonic 
regions  and  recirculation  within  a  predominantly  supersonic  flow.  Conventional  analytic  approaches  to 
scramjet  analysis  and  design  have  been  global  in  nature  or  have  been  restricted  to  all-supersonic  flow; 
they  must  therefore  be  extended  to  realistically  describe  actual  combustor  flow  fields.  A  system  of 
computer  programs  being  developed  at  the  NASA  Langley  Research  Center  to  model  these  complex  combustor 
flow  fields  is  discussed.  Each  code  solves  a  system  of  equations  compatible  with  the  type  of  flow  being 
analyzed  in  any  particular  part  of  the  combustor.  For  flows  that  remain  supersonic  throughout,  a  parabolic 
Navier-Stokes  solver  is  being  used  successfully.  An  extension  of  this  computer  program,  to  partially  intro¬ 
duce  elliptic  character  into  the  analysis  by  accounting  for  a  full  3-D  pressure  field,  is  being  tested. 

This  "partially  elliptic"  scheme  accounts  for  the  effects  of  streamwise  pressure  feedback  present  in  the 
subsonic  flow,  thereby  allowing  the  detection  and  calculation  of  embedded  subsonic  regions  known  to  be 
present  in  the  combustor.  Although  the  partially  elliptic  procedure  can  handle  mixed  subsonic-supersonic 
flows,  it  still  requires  that  a  predominant  flow  direction  exists;  for  recirculating  flows,  the  fully 
elliptic  Navier-Stokes  equations  are  required.  Since  recirculating  flow  does  exist  in  regions  near  points 
of  fuel  injection  from  struts  in  the  engine,  work  is  currently  underway  to  begin  development  of  a  three- 
dimensional  elliptic  Navier-Stokes  solver.  Initial  work  has  Included  development  at  Langley  of  a  2-D 
elliptic  code  for  the  analysis  of  slot  fuel  injectors.  Each  computer  program  is  currently  being  applied 
to  pertinenc  problem  areas  and  is  providing  a  good  deal  of  insight  about  flow  fields  in  the  Langley  scramjet 
engine. 
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NOMENCLATURE 


reaction  rate  parameters 
constants  in  profile  functions 
mean  skin  friction  coefficient 
mass  fraction  decay  factor 

fuel  injector  diameter 
jet  diameter 

stagnation  Internal  energy  per  unit 
vol ume 

static  Internal  energy  per  unit 
volume 

species  mass  fraction,  streamwise 
stretching  function  or  ratio  of 
fuel  to  mainstream  flow  rate 
transverse  stretching  function  or 
mean  square  amplitude  fluctuations 
in  species  concentrations 
stagnation  enthalpy 
duct  height 

reaction  rate  i,  forward  direction 

reaction  rate  i,  reverse  direction 

turbulence  kinetic  energy 
mixing  length 

streamwise  finite  difference  operator 
transverse  finite  difference  operator 
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u,  V,  w. 


V 

x,  y,  z 
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yB 

AX,  AY,  AZ 
Z 


Lewis  number  0 

Mach  number  aB’  “t*  °F 

mole  fraction  of  species  j  0  D 

Py  » 

number  of  reactions  y 


number  of  species 

mainstream  mass  flow  rate  Y1 


unit  normal  vector 

Y 

Prandtl  number 

stress  tensor  6 


pressure 
pitot  pressure 

jet  stagnation  pressure 


reference  pressure  for  combustion 
data  =  2.173  MPa 
heat  flux  vector 

gas  constant 

mass  flux  profile  parameter 
surface  area  of  control  volume 
source  function 

Schmidt  number 

Temperature 

time 

time  increment 
freestream  velocity 

streamwise,  transverse  and 
lateral  velocity  components 
velocity  in  TJ1  model 
streamwise.  transverse  and 
lateral  physical  coordinates 
molecular  weight 
species  rate  of  change 
upper  boundary  of  physical  domain 

lower  boundary  of  physical  domain 

increments  in  computational 
finite  difference  grid 
non-dimensional  transverse  coordi¬ 
nate  in  TJI  model 
numerical  damping  coefficient 
angles  of  bottom  and  top 
duct  walls  and  jet  (fig.  21) 
stretching  factors  in  coordi¬ 
nate  transformation 
diffusion  coefficient 
ratio  of  specific  heats 
stoichiometric  coefficient,  forward 
rate 

stoichiometric  coefficient,  backward 
rate 

boundary  layer  thickness  or  local 
flow  angle 

numerical  damping  coefficient  or 
dissipation  rate  of  turbulence 
kinetic  energy 
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SUMMARY 


Combustor  flow  fields  found  in  hydrogen  fueled  scramjets  are  quite  complex  and,  therefore,  difficult 
to  analyze.  Analyses  that  adequately  model  the  combustor  rtust  not  only  consider  highly  turbulent  and 
reacting  flows  with  complex  wave  structure,  but  also  must  cope  with  the  possibility  of  embedded  subsonic 
regions  and  recirculation  within  a  predominantly  supersonic  flow.  Conventional  analytic  approaches  to 
scramjet  analysis  and  design  have  been  global  in  nature  or  have  been  restricted  to  all -supersonic  flow; 
they  must  therefore  be  extended  to  realistically  describe  actual  combustor  flow  fields.  A  system  of 
computer  programs  being  developed  at  the  NASA  Langley  Research  Center  to  model  these  complex  combustor 
flow  fie.ds  is  discussed.  Each  code  solves  a  system  of  equations  compatible  with  the  type  of  'low  being 
analyzed  in  any  particular  part  of  the  combustor.  For  flows  that  remain  supersonic  throughout,  a  parabolic 
Navler-Stokes  solver  is  being  used  successfully.  An  extension  of  this  computer  program,  to  partially  intro¬ 
duce  elliptic  character  into  the  analysis  by  accounting  for  a  full  3-D  pressure  field,  is  being  tes*  d. 

This  "partially  elliptic"  scheme  accounts  for  the  effects  of  streamwise  pressure  feedback  present  in  the 
subsonic  flow,  thereby  allowing  the  detection  and  calculation  of  embedded  subsonic  regions  known  ti  be 
present  in  the  combustor.  Although  the  partially  elliptic  procedure  can  handle  mixed  subsonic-suDersonic 
flows,  it  still  requires  that  a  predominant  f’ow  direction  exists;  for  recirculating  flows,  tne  fully 
elliptic  Navier-Stokes  equations  are  required.  Since  recirculating  flow  does  exist  in  regions  near  points 
of  fuel  Injection  from  struts  In  the  engine,  work  is  currently  underway  to  begin  development  of  a  toree- 
dlmensional  elliptic  Navler-Stokes  solver.  Initial  work  has  Included  development  at  Langley  of  a  2-U 
elliptic  code  for  the  analysis  of  slot  fuel  Injectors.  Each  computer  program  is  currently  being  anllei 
to  pertinent  problem  areas  and  Is  providing  a  good  deal  of  Insight  about  flow  fields  In  the  Langley  scramjet 
engine. 
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NOMENCLATURE 


reaction  rate  parameters 

constants  in  profile  functions 

mean  skin  friction  coefficient 

moss  fraction  decay  factor 

fuel  injector  diameter 
jet  diameter 

stagnation  internal  energy  per  unit 
volume 

static  Internal  energy  per  unit 
volume 

species  mass  fraction,  streamwise 
stretching  function  or  ratio  of 
fuel  to  mainstream  flow  rate 
transverse  stretching  function  or 
mean  square  amplitude  fluctuations 
in  species  concentrations 
stagnation  enthalpy 
duct  height 

reaction  rate  1,  forward  direction 
reaction  rate  1,  reverse  direction 

turbulence  kinetic  energy 
mixing  length 

streamwise  finite  dlffert  •*  opera fo** 
transverse  finite  different  oferator 
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Sc 
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At 

UM 

U,  V,  w, 

V 
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Lewis  number 
Mach  number 

mole  fraction  of  species  j 
number  of  reactions 


a 

“B*  °T*  aF 


B  ,  B 
x*  y 


number  of  species 
mainstream  mass  flow  rate 


unit  normal  vector 

Prandtl  number 
stress  tensor 


6 


pressure 
pitot  pressure 

jet  stagnation  pressure 


reference  pressure  for  combustion 
data  -  2.173  MPa 
heat  flux  vector 

gas  consent 

mass  flux  profile  parameter 
surface  area  of  control  volume 
source  function 

Schmidt  number 

Temperature 

time 

time  Increment 
frees tream  velocity 

streamwise,  transverse  and 
lateral  velocity  components 
velocity  In  TJI  model 
streamwise,  transverse  and 
lateral  physical  coordinates 
molecular  weight 
species  rate  of  change 
upper  boundary  of  physical  domain 

lower  boundary  of  physical  domain 

in:rements  in  computational 
f'nite  d1fference  grid 
n .in-dimensional  transverse  coordi¬ 
nate  in  TJI  model 
numerical  damping  coefficient 
angles  of  bottom  and  top 
duct  walls  and  jet  (fig.  21) 
stretching  factors  In  coordi¬ 
nate  transformation 
diffusion  coefficient 
ratio  of  specific  heats 
stoi chi one  trie  coefficient,  forward 
rate 

stoichiometric  coefficient,  backward 
rate 

boundary  layer  thickness  or  local 
flow  angle 

numerical  damping  coefficient  or 
dissipation  rate  of  turbulence 
kinetic  energy 
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1.0  INTRODUCTION. 

The  NASA  Langley  Research  Center  is  conducting  research  on  a  hydrogen  fueled  supersonic  combustion 
ramjet  (scramjet)  concept, which ;will  be  capable  of  operating  at  hypersonic  speeds  in  the  atmosphere.1 
Scramjet  performance  KeCm»>littr^cti ve,-. at  vehicle  fl  ight  speeds  of  Mach  4  and  above,;  and  they  offer  the 
most  viable  propulsion  opMoh  v'hPii-opeVat'ing^at  flight  speeds  in  excess  of  Mach  6. 1  Hypersonic. aircraft 
concepts  are  being  developed  in  wh1c^'tiie*;scfamjet  is  integrated  into  the  airframe  of  the  vehicle  (fig.  1) 
such  that  the  vehicle  itself  performs  part  of  the  engine  function  by-iplet  air  precompression  and  exhaust 
expansion  while  minimizing  the  drag  associated  with  the  engine.  The. engine  is  divided  into  several  identi¬ 
cal  engine  modules,  one  of  which  is  shown  In  figure  2.  (Th-  side  wall  of  the  module  has  been  removed  to. 
expose  the  engine, !s  internal  features.);  The  engine  inlet  has  a  varying  rectangular  cross-section  with 
•fixed  geometry.  Compression  is  initiated  by  the  vehicle  forebody. ahead  of  the  engine;  the  forebody  com? 
presses  the  flow -vertically.  Each  module  inlet-conipresses,  the  flow  horizontally  with  swept  wedge  shaped 
side  walls.  The  wedges  are  designed  such  that  their  sweep  causes  spillage  past  the  cowl  of  part  of  the 
inlet  air  not  needed  in  the  low  and  Intermediate  Mach  number  range  of  operation.  Inlet  compression  is 
completed  by  three  swept  struts,  that  also  provide  locations  for  gaseous  hydrogen  fuel  Injection. 

Fuel  Is  introduced  into  the  engine  from  the  strut's  in  both  a  parallel  and  transverse  direction  to  the 
engine  primary  flow  (fig.  2).  This  approach  tailors  the  fuel  injection  -to  an  optimum  heat  release  schedule 
over  the  flight  Mach  number  range  of  interest.  Transverse  fuel  Injection  promotes  more  rapid  fuel  air  mixing 
and  is  used  wherever  possible  to  promote  reaction  in  the  upstream  portion  of  the  combustor.  At -fl ight  Mach 
numbers  below  6,  however,  too  much  perpendicular  injection  results  In  thermal  choking  of  the  engine.  There¬ 
fore  the  parallel  Injection  mode  predominates  through  the  low  Mach  number  range  of  the  engine  by-slowing 
the  miying  and,  therefore,  stretching  out  the  reaction  process.  The  flow,  having  undergone  reaction  in  'the 
combustor,,  begins  to  expand  in  a  short  nozzle  section  in  the  module.  The  aft  portion  of  the  vehicle  behind 
the  engine  sj'rves  to  complete- the  expansion  process. 

The  flow  field  near  transverse  fuel  injectors  is  particularly  complex.  Blockage  and  deflection  of  the 
supersonic  mainstream  by -the  perpendicular  fuel  jet  results  In  an  adverse  pressure  gradient  which  separates 
the  turbulent  boundary  layer  upstream  of  the  injector.  A  mixed  subsonic-supersonic  region  is  produced  and, 
a  strong  bow  shock  which  turns  the  mainstream  over  the  fuel  jet  is  formed.  A  region  of  subsonic  separation 
and  recirculation  also  forms  downstream  of/the  Injector  as  a  result  of  the  rapid  expansion  of  the  mainstream 
flow  behind  the  fuel  jet.  Weaker  shocks  also/Vorm  at  the  upstream -separation  point  as  the  supersonic  flow 
turns  over  the  thickened  boundary  layer  .and  at  the  downstream  reattachmeht  point  where  the  downstream 
-separated  flow  reattaches. 

The  flow  field  hear  a  parallel  fuel  injector  can  be  regarded  as,  a  co-flowing  shear  flow  with  the  mixing 
and  reaction  occurring  within  a  turbulent  ishear  layer  between  the  hydrogen  and  air*  The  engine  combustor 
'begins  near  the  transverse  fuel  injectors  and  extends.  downstream 'to- the  nozzle.  Flow  in  the  combustor  is 
predominantly  supersonic,  but  regions  of -embedded  subsonic  flow-do  occur  as  noted  near  the  fuel  injectors 
as  a  result  of  flow. blockage  and  downstream  of  the  injectors  as  a  result  of  combustion.  The  flow  field  ip< 
the  combustor  is  not  only  complex;  due  to  the  embedded  subsonic-supersonic  flow  that  exists,  but  is  also 
complicated  by  the  highly  turbulent, mixing  and  reacting’  fid;/  in  this  region. 

As  can  be  inferred  from  the  discussion  above,  each  region  of  an  engine  module  (inlet,  struts,  combustor, 
and  nozzle)  can  be  characterized  by  a  particular -’type  orclass  of  flow  which  can  be  described  by.., particular 
forms  of  the  Navier-Stokes  equations.  .  Flow  in  the  module  inlet  is  primarily  inviscid  with  the  exception  of 
boundary  layers  hear  the  wall.  Therefore,  inlet  flow  can  be  mathematically  characterized  and  analyzed  using 
the  inviscid- form  of  the  governing  equations  (Euler  equations)  away  from  the  walls  and  the  boundary  layer 
form  of  the  equations  near  the  walls.  The  flow  field  just  ahead  of  and  throughout  the  strut  region  of  the 
engine  is  predominantly -supersonic,  but  the  regions  of  subsonic  and  recirculating  flow  are  such  that  diffus- 
ion  of  mass,  momentum,  and  energy, occurs  in  all  coordinate  directions.  Additional l.1',  pressure  disturbances- 
occurring,/.near  the  injector  can  affect  the  flow  field  upstream.’ of  the  injector  as  well.  Therefore,  the. 
governing  equations,  describing  the  flow  field  near  engine  struts  must  be  retained  in  , their  fully  elliptic 
form.  The  flow  field  in.  the  downstream  portion  of  the  combustor  is  again  primarily  supersonic  with  possible 
embedded  subsonic  flow,  but  no  recirculation  is  present.  Without  streanwise  diffusion,  flow  fields  in  the 
downstream  combustor  region-can,  therefore,  be  characterized  reasonably  using  the  parabolic  form  of  the 
governing  equations  which  are  obtained  by  negating  appropriate  diffusion  terms.  Within  subsonic  regions  a 
hybridized  form  of  the  parabolib  equations  termed  the- "partially  elliptic"  form  is  applied  to  account  for 
possible  upstream  influences. by  the  pressure  field. 

From  an  analysis  standpoint,  the  flow -field  around  the  struts  and  in  the  combustor  is  complicated  by 
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turbulence  and  chemical  reaction.  Solution  of  the  Reynolds  stress  equations  might  provide  the  needed 
turbulence  field,  but  such  a  solution  is  beyond  the  scope  of  current  studies  and  available  computer 
resources.  Eddy  viscosity  models  of  turbulence  have  been  develofcd  primarily  for  boundary  layer  or  shear 
layer  type  flows;  only  limited  work  has  been  done  to  ad>  fhese  models  to  complex  flows  such  as  those 
found  in  the  combustor.3  Turbulent  kinetic  energy  models  „  at  describe  the\transport  of  turbulent  kinetic 
energy  and  the  dissipation  of  that  energy  were  also  developed  for  shear  flows.  However,  these  models  have 
been  shown  to  be  adequate  for  significantly  more  complex  flow  fields.14  Fortunataly,  a  significant  amount 
of  work  has  been  performed  in  the  area  of  hydrogen-air  chemistry.5  Implementation  oi  this  work  into  an 
analysis  tool  for  engine  flow  field  predictions  requires  the  solution  of  a  large  number  of  species  equations 
in  addition  to  the  equations  of  motion.  Tc  completely  describe  the  ignition-reaction  phenomena  that  are 
important  in  the  reaction  of  hydrogen  with  air,  the  consideration  of  at  least  8  and  perhaps  as  many  as  25 
ignition-reaction  paths  appears  necessary.6  However,  simple  chemistry  models  are  also  useful  and  have  been 
employed  extensively. 

This  paper  discusses  a  system  of  computer  programs  developed  to  analyze  and  predict  the  flow  field  in 
the  strut  and  combustor  regions  of  a  scramjet  engine  module.  Although  programs  also  are  available  to  con¬ 
sider  other  regions  of  the  engine,  we  will  concentrate  on  our  analysis  capabilities  for  combustor  modelling 
following  the  spirit  and  interest  of  the  Specialist's  Meeting.  Each  region  of  the  combustor  has  a  program 
tailored  to  its  analysis  that  solves  the  governing  equation  system  consistent  with  the  type  of  flow  field 
that  is  present  in  that  region.  The  governing  equations  are  solved  numerically  using  one  of  two  popular 
integration  schemes.  The  turbulence  is  modelled  using  either  an  eddy  viscosity  model  or  a  two  equation 
turbulent  kinetic  energy  transport  model.  Chemical  reactions  are  modelled  either  with  a  simple  equilibrium 
reaction  model  or  a  multi-reaction  finite  rate  scheme  containing  up  to  25  possible  reaction  paths. 

We  will  report  solutions  with  programs  representative  of  each  particular  flow  class  present  in  the 
combustor.  Additionally,  we  will  also  report  solutions  from  a  two-dimensional  program  used  primarily  for 
study  and  evaluation  of  turbulence  and  reaction  muaels  of  current  interest.  Those  results  will  in  each 
case  be  compared  with  available  experimental  data  so  as  to  access  the  accuracy  of  each  code.  Finally,  we 
will  give  an  overall  accessment  of  our  predictive  capabilities  in  a  supersonic  combustor  and  indicate  as 
a  result  of  these  conclusions  the  direction  of  our  future  research  to  develop  an  integrated  combustor 
analysis  tool. 

2.0  TWO-DIMENSIONAL  PARABOLIC  FLOW  PROGRAM 


Although  flow  fields  in  the  engine  are  always  three  dimensional  in  character,  two-dimensional  analyses 
have  been  used  effectively  to  study  limited  regions  of  the  combustor  where  the  flow  is  nearly  two  dimensional. 
These  analyses  have  also  been  used  to  test  and  develop  turbulence  and  chemistry  models  for  use  in  the  analysis 
of  combustor  flow  fields  with  other  programs.  A  two-dimensional,  parabolic  program  obtained  from  the  Spalding 
group  at  Imperial  College,  London,  has  provided  such  a  tool.7’8  Tne  original  version  of  the  program  has  been 
modified  to  meet  the  research  needs  of  the  hypersonic  propulsion  program.  A  description  of  the  current 
version  and  of  its  application  to  several  problems  of  interest  is  given  here. 


Solutions  cf  parabolic  partial  differential  equations  governing  the  transport  of  momentum,  energy,  and 
mass  are  obtained  using  the  linite  difference  technique  of  Patankar  and  Spalding.9  The  governing  equations 
are 
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Equation  (1)  defines,  respectively,  the  differential  equations  for  continuity,  the  momentum  components, 
total  enthalpy,  species,  turbulence  energy,  the  dissipation  rate  of  turbulence  energy,  and  the  mean  square 
amplitude  of  fluctuations  in  species  concentration.  The  first  term  of  equation  (1)  represents  convection 
in  the  principal  flow  direction;  the  second  represents  convection  and  diffusion  in  the  transverse  direction. 
The  term  r  is  a  general  diffusion  coefficient  that  is  made  up  of  turbulent  and  laminar  parts. 
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All  other  terms  are  collected  into  S.,  the  source  term.  Values  of  the  diffusion  coefficient  and  source 
term  are  given  in  Table  I.  Turbulence  viscosity  is  computed  from 
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where  f  is  a  compressibility  correction10  whose  magnitude  varies  between  0.25  and  1.0.  The  correction 
is  an  empirical  expression  derived  from  experimental  observations  and  is  calculated  from 

j  0.25  +  0. 75/(1 

c  (l.Ji  1.0 

where  =  (k^/u)  M. 

Details  of  the  integration  of  the  governing  equations  and  of  the  application  of  the  turbulence  model 
have  been  well  documented  previously.  Therefore,  we  will  concentrate  on  recent  modifications  to  the  program, 
particularly  multi -equation  finite-rate  chemistry  modelling,  and  will  present  comparisons  with  experimental 
data.  A  short  qualitative  discussion  of  accuracy  appears  in  reference  9. 


.0  +  exp(24.73(MT  -  2))),  M  >  1.0 


(4) 


In  the  original  version  of  the  program  species  concentrations  based  on  chemical  equilibrium  were  assumed. 
The  program  has  been  extended  to  include  no  reaction,  complete  reaction  (i.e.,  the  only  species  are  02,  Ho, 
HjO,  and  N2,  with  the  condition  that  Oo,  and  H2  cannot  be  simultaneously  present),  equilibrium  chemistry, 
finite  rate  chemistry,  and  an  eddy  breakup  model;  The  equilibrium  and  finite  rate  chemistry  schemes  have 
been  developed  in  two  versions.  In  the  first  version,  the  species  H,  0,  H20,  OH,  02,  H2,  and  N2  are  related 
by  eight  elemental  reactions  and  five  additional  differential  equations  must  be  solved.  In  the  other  version, 
the  additional  species  N,  NO,  N02,  HN02,  and  H02  are  included.  Twenty-five  elemental  reactions  are  used  and 
ten  additional  differential  equations  (instead  or  five)  must  be  solved. 


Following  Spiegler11,  finite  rate  chemistry  is  described  by  a  set  of  reactions  of  the  form 
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where  i  =  1,  2,  ...  and  j  =  1,  2,  ...  Nc.  The  reaciion  rates  K-.  and  Kk.  are  given  by  expressions 
of  the  form  K  *  01 
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The  rate  of  change  of  species  j  by  reaction  i  is 


The  total  rate  of  change  of  species  j  is 

w  =  M.  x  (molecular  weight)  (8) 

J 

.  N«  . 

where  M.  =  L'  (ft.).. 
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The  eight-reaction  and  the  twenty-five  reaction  systems  are  described  in  Table  II.  The  first  seven 
species  listed  and  the  reactions  marked  with  an  asterisk  constitute  the  eight  reaction  system;  the  remaining 
species  and  reactions  are  those  added  to  test  the  importance  of  the  extra  reactions  for  obtaining  accurate 
predictions.6  Reaction  rates  are  also  listed  in  Table  II. 

When  the  eddy  breakup  model  is  used  the  chemical  reaction  rate  is  computed  from 

w  =  -  C£BU  pg*5  (e/k)  (9) 

The  constant  Crgn  is  treated  as  an  adjustable  parameter  to  improve  agreement  between  calculation  and 
experiment;  we  nave  used  the  value  Crny  =  0.53.  The  factor  g r  is  the  smaller  of  the  root  mean  square 
fluctuations  in  H2  or  0?  concentration.  The  two  differential  equations  required  for  the  eddy  breakup 
model  are  transport  equations  for  g„?  and  g0?.  The  ratio  e/k  provides  a  time  scale  representative  of 
the  rate  at  which  large  eddies  breakdown  intousmall  eddies.  For  the  eddy  breakup  msdel  to  represent  well 
the  rate  of  chemical  reaction,  it  is  necessary  that  the  reaction  rates  be  fast  relative  to  the  rate  at  which 
fuel  and  oxygen  mix  on  a  molecular  scale;  the  mixing  process  is  then  the  rate  limiting  process.  When  appli¬ 
cable,  the  eddy  breakup  model  is  particularly  useful  for  modelling  the  reduced  burning  rate  caused  by 
"unmixedness"  in  turbulent  flows.  The  unmixedness  is  used  to  describe  the  fact  that,  although  fuel  and  air 
irjy  be  mixed  on  a  scale  comparable  to  turbulent  eddy  dimensions,  they  are  still  not  mixed  on  a  molecular 
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scale.  For  those  cases  in  which  reaction  is  kinetically  controlled  rather  than  mixing  controlled,  a  finite 
rate  chemistry  scheme  is  needed.  However,  because  of  the  very  small  step  sizes  required  to  solve  these  stiff 
chemical  kinetic  equations  in  a  finite  rate  model,  the  cost  may  be  large  compared  with  the  value  of  the 
results.  In  such  cases  one  of  the  other  options  in  the  program  for  modelling  chemistry  may  yield  adequate 
results  at  lower  cost. 

The  results  of  three  calculations  using  the  2-D  parabolic  program  are  given  to  demonstrate  some  of  its 
uses  and  to  allow  assessment  of  its  accuracy  by  comparing  calculated  results  with  data.  In  the  first  case 
H?  v/as  injected  coaxially  into  a  hot,  supersonic,  vitiated  air  stream.  Vitiated  air  was  obtained  by  burning 
hydrogen  in  air  to  obtain  a  hot  gas  mixture,  and  then  oxygen  was  added  to  obtain  a  test  gas  with  21  percent 
oxygen  by  volume.  The  temperature  was  high  enough  so  that  auto-ignition  occurred  immediately.  Geometry  and 
initial  conditions  are  given  in  figure  3;  theory  and  experiment  are  compared  in  figures  4,  5,  and  6.  Agree¬ 
ment  of  the  N~  curves  with  data  indicates  that  mixing  was  correctly  calculated.  Prediction  of  the  properties 
related  to  combustion  are  less  satisfactory,  although  examination  of  figures  4,  5,  and  6  shows  that  the 
calculated  profiles  develop  with  distance  from  the  injection  point  in  the  same  way  as  curves  which  could  be 
drawn  through  the  data  points.  Also,  the  peak  heights  of  the  calculated  H20  profiles  are  about  the  same  as 
the  peak  heights  of  the  data  points.  The  principal  difference  appears  to  be- that  the  calculated  H20  peaks 
lie  farther  from  the  axis  than  the  data  points  indicate  they  should.  Calculations  made  with  the  25^reaction 
model  did  not  produce  any  appreciable  change  in  the  calculated  results.  Since  the  reactions  of  the  H2-02 
system  are  well  known,  the  explanation  probably  lies  in  the  effect  of  interaction  between  chemistry  ana  tur¬ 
bulence. 

The  data  used  for  the  second  case  is  from  an  experiment  performed  by  Kent  and  Bilger,12  in  which  a 
subsonic  jet  of  H2  was  injected  into  a  coaxial  stream  of  air.  Both  streams  were  cold  and  required  an 
auxiliary  ignition  source.  Figure  7  gives  the  details  of  geometry  and  initial  conditions.  The  flow  profiles 
shown  in  figure  8  demonstrate  that  reaction  was  essentially  complete,  since  the  complete  reaction  curves 
agree  well  with  the  data. 

The  eddy  breakup  model  (eq.  (9))  also  was  used  to  calculate  the  amount  of  reactions.  The  EBU  results 
are  compared  with  complete  reaction  results  in  figure  9.  The  eddy  breakup  results  differ  from  complete 
reaction  results  only  in  the  mixing  region  between  the  H-  and  air  layers.  Where  differences  are  piesent, 
agreement  with  data  is  better  using  the  eddy  breakup  modef.  Calculations  using  the  finite  rate  chemistry 
model  also  were  attempted  for  this  case,  but  were  abandoned  because  of  the  high  cost  associated  with  solving 
the  stiff  chemical  kinetic  equations  in  subsonic  flow. 

The  last  case  was  chosen  to  illustrate  the  program's  capability  for  calculating  transverse  pressure 
profiles.  No  suitable  data  were  available,  but  a  test  case  was  obtained  by  analyzing  a  ducted,  supersonic 
air  flow  using  an  inviscid  shock  fitting  program.13  Air  at  room  temperature  and  Mach  1.5  flows  between  two 
plates,  as  shown  in  figure  10.  All  property  profiles  are  initially  uniform.  For  values  of  x  between  .01 
and  .0.3,  the  distance  y  between  the  plates  decreases  linearly;  elsewhere,  the  distance  between  the  plates 
is  constant.  A  shock  wave  begins  where  the  channel  starts  to  converge;  the  wave  then  moves  across  the  flow 
and  reflects  from  the  opposite  wall.  A  rarefaction  moves  into  the  flow  from  the  point  where  the  channel 
cross  section  expands  and  becomes  constant  again.  Tha  solid  lines  in  figure  11  show  the  inviscid  results, 
and  the  dashed  l.r-s  show  the  results  obtained  using  the  parabolic  marching  program.  Steep  pressure  gradients, 
such  as  those  encountered  across  the  shock  wave,  are  smeared.  However,  the  general  shape  and  magnitude  of 
the  correct  pressure  profiles  given  by  the  inviscid  results  are  obtained;  and  both  tha  shock  wave  and  the 
rarefaction  are  easily  identified. 

The  two-dimensional  parabolic  program  has  proved  to  be  a  valuable  basic  research  tool  for  the  develop¬ 
ment  and  evaluation  of  turbulence  and  chemistry  models.  The  experience  gained  from  using  the  code  is  now 
finding  direct  a  op1 i cation  in  a  three-dimensional  parabolic  program  currently  being  employed  in  combustion 
research  and  development.  Details  of  the  three-dimensional  code  are  described  in  the  next  section. 

3.0  THREE-DIMENSIONAL  PARABOLIC  PROGRAM 

A  three-dimensional  analysis  is  required  to  model  the  flow  field  in  a  scramjet  combustor.  Well  down¬ 
stream  of  the  fuel  injection  struts  where  flow  recirculation  does  not  exist  and  embedded  regions  of  subsonic 
flow  arr  sirall,  the  flow  is  essentially  supersonic.  Flow  fields  of  this  type  can  be  modelled  with  solutions 
to  the  three-dimensional  parabolic  Navier-Stokes  equations  and  one  or  more  species  equations.  The  principal 
program  applied  to  this  problem  class  is  the  SHIP  computer  code,  described  in  its  initial  form  in  reference 
14.  Significant  modifications  to  this  program  have  been  carried  out  to  tailor  the  model  to  scramjet  combustor 
flow  fields. n,le  Details  of  the  program  structure  and  significant  modifications  are  described  below. 

The  SHIP  computer  program  was  developed  to  calculate  three-dimensional,  turbulent,  reacting,  parabolic 
internal  or  external  flows.  The  computational  domain  is  limited  to  a  rectangular  parallelpiped  with  each 
boundary  being  either  a  wall,  a  symmetry  plane,  or  a  free-stream  boundary.  Walls  may  converge  or  diverge 
as  smooth  functions  of  the- streamwise  coordinate.  Calculations  are  curried  out  in  the  physical  plane  (rather 
than  a  transformed  computational  plane),  however,  so  that  convergence  or  divergence  angles  are  limited  to 
about  16°  to  maintain  acceptable  accuracy.  Thermodynamic  properties  are  considered  to  be  functions  of 
temperature  and  species.  Reaction  is  modelled  with  either  ar.  equilibrium  or  finite  rate  chemistry  scheme. 

The  equilibrium  scheme  considers  four  reactions: 

H  +  H  t  H2 

o  +  o  o2 

H  +  OH  t  H20 

0  +  11  *■  OH 

The  finite  rate  scheme  is  the  same  as  that  used  in  the  two-dimensional  parabolic  program. 
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The  governing  equations  tfor  the  program  are  in  primitive  variable  form  (p,  u,  v,  w,  p,  H,  f,.k,  e)  and 
are  based  on  an:  Euleri'an  formulation  in  rectangular- coordinates.  For  flows  that  are  primarily  supersonic, 
streamwise-diffusi.ve  effects  are  negligible,  and  the  flow  field  is  adequately,  describedsby  the  parabolic 
form  of  Navier-Stokes.  and; species  equations  together  with- the  equation-of  state:!for  an  ideal  ges-.  >ese- 
equations  are:16 
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Appropriate  exchange  coefficients  X  and  source  functions  are-given  in  Table  ill.  Where  streamwise- 
diffusion  of  mass,  momentum,  and  energy,  is  negligible,  such  tnat  second  order  derivatives  in  that  direction 
can  be  dropped,  only  first  order  derivatives  of  U  remain.  Therefore,  only,  an  initial  condi tion.^on  U 
needs  to  be  satisfied,  and  the  solution -can  be  efficiehtly/marched  through  elliptic  fjow  cross  stream  planes 
fromi  the '-initial  to  final  downstreamstation.  Thus,  'three-dimensional  problems  can  besolvedwithacom- 
.puter  program  requiring  only  two-dimensional  storage. 

Equation  (10)  is  solved  using  a; finite  difference  solution  scheme.?1*  As. the  solution  marches  from  the 
initial  station,  each  cross-stream  plane  is  discretized  with  a  nodal  grid.  All  dependent  variables, with  the 
exception  of  the  cross-stream  velocities  are  stored-at  these  nodes;  the  cross-stream  velocities  are  stored 
at  midpoints  between  the  nodes.  This  staggered -storage  of  cross-stream  velocities  simplifies  the  calculation 
o,f  convection  terms-*  Also,  staggering  of, the  remaining  variables  relative  to  the  cross-stream  velocities 
simplifies  the  calculation  of  needed  gradients  for  the  calculation  of.  those  velocities. 

Difference  equations  are  formed -at  each  node  and  staggered  grid  point  by  taking  integrations  over  associ¬ 
ated-control  volumes*  Volume  integration  over  :U  and  S'-derivatives  are  carried  out  by  assuming  that 
dependent  variables  retain  their  value  at  the  node  point  throughout  the  associated  control  volume.  Volume 
integrals  over  F  -and  G  produce  surface  integrals  of  convective  and  diffusive  fluxes  across  the  control1 
volume  boundaries.  The  resulting  derivatives  are  .differenced  by, a  combination  of  central  and  upwind  differ¬ 
ences.  The  system  of  simultaneous  algebraic  equations  that  results  is  solved  by“the  SIMPLE  (Semi- Implicit. 
Method,  for  Pressure  Linked  Equations)  algorithm  that,  is  well  docimented  in  earlier  literature.17  In  this 
solution  technique,  the  velocity  components  are  estimated  initially  for  an  assumed  pressure.  The  pressure 
field  is  then  corrected  using  a  modified  form  of  the  continuity  equation.  Next,  the  velocity  components  are 
corrected  and  used, with  the 'pressure  field  to  solve  for  the  remaining  dependent  variables.  Finally,  temper¬ 
ature  is  calculated  from  the  total  enthalpy  and  velocity  field,  and  density  is  calculated  from  the  ideal  gas 
law. 

Boundary  conditions  are  defined  . by  specifying  appropriate  fluxes, across  the  upper  and  lower  boundaries 
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of  the  solution  domain.16  Along  a  wall,  turbulent  wall  functions  are  used  to  define  values  of  the  dependent 
variables  across  the  wall  boundary  layers.  The  calculation  begins  with  values  calculated  at  the  upper  limit 
of  the  boundary  layer.  At  a  symmetry  boundary,  flux  values  are  forced  to  vanish.  Initial  conditions  are 
specified  at  the  inflow  boundary  before  beginning  a  calculation.  Typically  the  three  velocity  components, 
species,  temperature,  and  pressure  are  specified.  Then,  the  initial  density  and  total  enthalpy  are  calculated. 
Finally,  the  initial  turbulent  kinetic  energy  and  dissipation  are  estimated  from  an  eddy  viscosity  model  of 
turbulence. 

The  current  SHIP  computer  program  has  been  evaluated  by  comparison  with  two  sets  of  experimental  data. 

The  first  experiment  was  conducted  to  study  the  three-dimensional  turbulent  mixing  of  helium  in  a  ducted 
supersonic  airstream  downstream  of  parallel  fuel  injectors.  This  experiment  was  attractive  for  the  first 
evaluation  of  the  program  since  inert  helium  was  substituted  for  hydrogen  fuel,  allowing  assessment  of  the 
code  without  the  additional  complication  of  reaction.  The  second  experiment  considered  the  reaction  of 
hydrogen  injected  parallel  to  a  ducted  supersonic  air  stream,  thus  allowing  evaluation  of  the  program  with 
both  turbulent  mixing  and  chemical  reaction. 

The  configuration  for  the  first  test  case  is  presented  in  figure  12, 18  The  duct  had  a  cross  section 
of  3.81  cm  by  17.7  cm,  and  a  length  of  73.69  cm  downstream  of  the  injectors.  The  strut  was  centered  in  the 
shorter  dimension  and  spanned  the  longer  dimension  of  the  duct  cross  section.  Fi\  a  equally  spaced  fuel  injec¬ 
tors  were  located  in  the  base  of  the  strut.  Flow  to  the  duct  was  provided  by  a  rectangular  Mach  2.99  nozzle 
at  a  total  temperature  of  294K  and  a  total  pressure  of  1.6  MPa.  Helium  was  injected  at  a  total  temperature 
of  294K  and  a  total  pressure  of  3.79  MPa.  Further  details  regarding  the  experimental  apparatus  and  instru¬ 
mentation  are  given  in  reference  18. 

Flow  field  surveys  were  made  at  two  streamwise  stations,  the  first  just  downstream  of  the  injectors 
(4.21  cm)  and  the  second  at  the  end  of  the.  duct  (73.69  cm).  At  the  initial  station,  the  flow  field  from  jet 
to  jet  was  nearly  syMetric,  i.e.  planes  of  symmetry  existed  that  were  laterally  equidistant  between  the  jets. 
Additionally,  since  the  strut  was  centered  vertically  in  the  duct,  a  plane  of  symmetry  also  existed  through 
the  injectors  along  the  longer  strut  dimension.  At  the  downstream  station,  the  jet  mixing  regions  were  merged, 
but  the  symmetry  that  existed  upstream  between  the  jets  and  between  the  strut  and  each  wall  was  still  nearly 
preserved.  Oue  to  the  overall  symmetry  of  the  flow  field,  the  computational  region  for  this  case  was  chosen 
to  be  the  flow  downstream  of  the  central  injector  bounded  laterally  by  symmetry  planes  centered  between  the 
central  injector  and  its  two  neighboring  injectors  and  bounded  vertically  between  the  upper  wall  and  the  strut 
centerline.  Initial  conditions  ’or  the  calculation  were  taken  from  data  surveys  at  the  4.21  cm  station,  and 
downstream  comparisons  of  experimental  data  and  program  calculations  were  made  at  the  73.69  cm  station.  Each 
cross-stream  computational  plane  was  spanned  by  an  irregular  grid  with  11  lateral  nodes  and  30  vertical  nodes. 

Results  for  the  first  case  are  given  in  figure  13. 1S  Comparisons  of  program  results  with  experimental 
data  at  the  downstream  station  generally  show  excellent  agreement.  Computed  values  of  streanwise  velocity 
and  static  temperature  agree  quite  well  with  experimental 'measurements  at  all  five  lateral  stations.  The 
maximum  differences  between  computational  results  and  experimental  data  are  about  6.3  percent  for  the  velocity 
and  6  percent  for  the  temperature.  The  maximum  differences  generally  occur  at  measurement  points  near  the 
duct  wall  where  measured  values  may  be  perturbed  by  duct  end  effects,  which  may  in  turn  be  felt  upstream 
through  the  duct  boundary  layer.  Also,  the  determination  of  experimental  velocities  and  temperatures  from 
pitot  and  static  pressure  measurements  assumed  a  constant  total  temperature  and  this  assumption  may  have  intro¬ 
duced  small  errors.  Small  computational  errors  may  also  be  introduced  near  the  wall  by  both  the  approximate 
boundary  condition  treatment  (the  application  of  wall  functions)  and  relatively  coarse  grid  discretizations 
near  the  wall.  Even  with  these  approximations,  the  comparisons  of  velocity  and  temperature  are  quite  satis¬ 
factory. 

The  computed  values  of  helium  mass  fraction  also  agree  well  with  the  experimental  data  except  at  the  two 
outermost  stations  (±  1.27  cm).  There  are  several  possibilities  that  could  cause  this  disagreement.  First, 
the  helium  mass  flow  calculated  from  the  data  at  the  downstream  station  is  11  percent  higher  than  the  values 
calculated  upstream.  The  initial  helium  mass  flow  is  computationally  conserved,  however,  yielding  an  identi¬ 
cal  integrated  value  at  the  outflow  station.  Second,  the  lateral  mixing  of  helium  and  air  is  computationally 
slower  than  the  experimental  mixing.  This  difference  is  most  likely  attributable  to  the  turbulence  model 
and  the  assumed  isotropic  nature  of  the  flow.  Third,  the  flow  field  associated  with  the  central  injector 
was  assumed  independent  of  the  other  injectors,  whereas  the  flow  of  the  center  injector  is  likely  affected 
to  some  extent.  Finally,  the  downstream  values  of  helium  mass  fraction  are  relatively  quite  small  such  that 
measurement  accuracies  may  limit  a  detailed  comparison  of  computation  and  experiment. 

The  second  test  case  considered  the  reaction  of  hydrogen  and  air  in  a  duct.  The  experimental  apparatus 
is  described  in  figure  14.  Details  of  the  experiment  and  data  collection  are  discussed  in  references  IS  and 
20.  Hydrogen  was  injected  from  a  0.4  cm  stepped-wall  injector  at  Mach  1.0  with  a  static  pressure  of  0.1 
MPa  and  a  static  temperature  of  254K.  Vitiated  air  was  supplied  to  the  duct  at  Mach  2.44  with  a  static  pres¬ 
sure  of  0.1  MPa  and  a  static  temperature  of  1270K.  The  duct  cross  section  at  the  hydrogen  injector  was  5.1 
cm  wide  and  9,38  cm  high.  The  duct  downstream  of  the  injector  was  35.6  cm  long.  Over  that  length,  the  duct 
height  expanded  linearly  from  9.38  cm  to  10.48  cm.  Total  temperature  and  composition  measurements  were  made 
at  both  the  initial  station  (the  location  of  the  hydrogen  injector)  and  the  duct  exit  station.  Pitot  pressure 
measurements  were  made  only  at  the  exit  station. 

Experimental  data  measured  at  the  initial  station  were  also  used  as  initial  data  for  the  program.  Pro¬ 
file  data  at  the  hydrogen  injector  and  the  duct  immediately  above  were  assumed  to  have  a  uniform  transverse 
distribution.  A  constant  wall  temperature  of  298K  was  assumed  and  heat  transfer  was  allowed  across  the  wall. 
Lateral  flow  field  symmetry  existed  about  the  vertical  centerline  of  the  duct.  Therefore,  the  calculation 
downstream  of  the  injector  was  carried  out  in  a  domain  defined  vertically  by  the  upper  and  lower  duct  walls 
and  laterally  by  vertical  planes  at  the  duct  wall  and  centerline.  Initial  turbulence  kinetic  energy  and 
dissipation  profiles  were  estimated  using  an  algebraic  eddy  viscosity  model  of  turbulence.  The  kinetic  energy 
and  dissipation  equations  were  then  applied  using  the  following  constants: 
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C,  -  1.44 

C2  =  1.92 

CQ  =  0.09 

Pr»  =0-7 

Prt  ^  =  1.0  for  <p  =  u,  v,  w,  and  k 


Prt  ^  =  0.5  for  $  =  H,  f 

Reaction  was. modelled  using  equilibrium  chemistry. 

Comparisons  of  the  computational  results  and  experiment  at  the  duct  exit  are  given  as  a  function  of 
distance  from  the  lower  wall  in  figures  15  through  18. 16  Figure  15  shows  a  comparison  between  experiment 
and  calculation  of  reactants  and  the  water  generated  by  reaction.  Figure  16  compares  outflow  Mach  number 
profiles.  Figures  17  and  18  give  a  comparison,,  respectively,  of  the  total  temperature  ratio  and  pitot  pres¬ 
sure  ratio.  The  calculation  and  experiment  agree  reasonably  well  in  each  case.  Differences  may  well  be 
caused  by  the  chemistry  and  turbulence  models.16  The  analysis  used  equilibrium  chemistry  to  describe  reac¬ 
tion,  whereas  the  chemistry  may  be  controlled  by  reaction  rate  rather  than  by  the  mixing  of  hydrogen  and 
air.  Such  a  situation  would  require  finite  rate  modelling  of  the  chemistry  to  adequately  describe  the 
reaction.  The  two-equation  turbulence  model  was  initially  developed  for  shear-layer- like  flows,  and  the 
model  has  been  shown  to  provide  a  reasonable  estimate  of  turbulence  in  such  cases.  This  case  does  represent 
a  shear-layer-like  character,  but  is  complicated  with  the  additions  of  reaction  and  three-dimensional  effects. 
Therefore,  the  present  model  may  not  adequately  represent  the  turbulence  field.  Finally,  the  pressure  in¬ 
creases  downstream  in  the  duct  due  to  reaction.  Effects  of  the  pressure  rise  likely  propagate  upstream 
through  the  subsonic  portion  of  the  boundary  layers  and  affect  the  flow  field  upstream.  As  noted  earlier, 
such  effects  cannot  be  described  by  the  parabolic  set  of  governing  equations  used  in  the  present  program. 

The  parabolic  flow  computer  programs  have  been  used  successfully  to  analyze  flow  -Melds  typical  of  those 
found  in  scramjets.  The  programs  are  based^on  proven  solution  algorithms,  and  they  have  bosn  improved  to 
include  more  appropriate  t;irbuit..'ce  and  chemistry  modelling  for  scramjet  flow  fields.  The  codes  have  now 
progressed  to  where  they  appear  adequate  for  modelling  supersonic  combustor  flow  fields  in  a  scramjet. 

Pressure  effects  that  propagate  upstream  through  embedded  subsonic  regions  in  the  engine  are  present, 
however,  due  to  the  elliptic  nature  of  the  flow  field  in  subsonic  flow.  Precise  treatment  of  such  flows 
requires  solution  of  the  elliptic  form  of  the  governing  equations.  A  reasonable  approximation  of  those 
equations  can  be  made,  however,  when  upstream  propagation  is  important,  but  when  flow  recirculation  is  not 
present.  The  approximation  is  made  by  casting  the  governing  equations  into  a  "partially  elliptic"  form, 
as  described  in  the  following  section. 

4.0  THREE-DIMENSIONAL  PARTIALLY  ELLIPTIC  FLOW  PROGRAM 

The  computer  program  for  the  calculation  of  partially  elliptic  flow  (PELICAN)  was  developed  from  the 
SHIP  code  as  described  in  reference  21.  The  basic  concept  of  the  code  development  is  to  account  for  the 
presence  of  local  subsonic  flow  regions  in. an  otherwise  supersonic  flow  with  a  predominant  flow  direction. 

The  approach  was  originated  by  Spalding.22  Although  this  concept  does  not  permit  flow  recirculation  and 
separation  zones,  which  would  require  solution  of  the  fully,  elliptic  governing  equations,  it  does  allow  down¬ 
stream  disturbances  to  be  felt  upstream  through  pressure  propagations  in  local  subsonic  flow  regions.  Thus, 
the  flow  field  is  approximately  panbolic  and  only  the  pressure,  which  is  governed  by  an  elliptic  equation, 
needs  to  be  stored  in  a  three-dimensional  array.  It  is  possible,  therefore,  to  use  a  marching  integration 
procedure  like  that  in  the  SHIP  code,  with  repetitive  sweeps  of  the  entire  flow  field  until  a  converged 
solution  is  obtained.  Each  successive  iteration  uses  an  improved  estimate  of  the  pressure  field  obtained 
from  the  previous  sweep. 

Details  of  the  development  of  the  partially  elliptic-flow  computer  code  by  application  of  the  iterative 
concept  to  the  original  SHIP  code  a  ire  given  in  reference  21.  The  governing  equations  are  essentially  the 
same  as  those  employed  in  the  SHIP  program,  described' in  the  previous  section,  and  so  the  equations  are  not 
repeated  here.  Modifications  to  the  equation  that  calculates  the  pressure  field  represent  the  only  major 
change.  In  the  SHIP  program,  the  streamwise  pressure  gradient  is  decoupled  from  the  cros-i-stream  pressure 
gradients.  Initially,  the  streamwise  pressure  gradient  ^s  assumed  zero  and  cross-stream  gradierts  are  esti¬ 
mated  from  a  Poisson  equation.  Therefore,  the  pressure  field  is  treated  as  if  it  were  independent  of  down¬ 
stream  quantities  as  are  other  dependent  variables  in  a  parabolic  analysis. 

In  the  partially  elliptic  formulation,  an  approximate  initial  three-dimensional  pressure  field  is  assumed. 
As  the  calculation  proceeds  through  *ts  first  pass  of  the  solution  domain,  the  approximate  pressure  is  cor¬ 
rected  with  a  pressure  correction  governed  by  a  three-dimensional  elliptic  equation  derived  from  the  continuity 
equation.  Once  the  first  pass  is  completed,  the  newly  calculated  pressure  field  is  used  for  a  second  pass 
through  the  solutipn  dqmain,  again  updating  the  pressure  field.  The  procedure  is  repeated  until  no  significant 
change  is  observed  in  the  pressure  field,  i.e.  the  solution  has  converged.  Details  of  the  derivation  of  the 
(equation  governing  the  pressure  correction  terms  and' the  computational  procedure  can  be  found  in  references 
21  and  23. 

The  application  of  the  partially  elliptic  program  to  a  reacting  ducted  flow  is  described  in  figure  19. 21 
Gaseous  hydrogen  is  injected  slightly  subsonic  (M  =  0.98)  and  paraflel  into  a  ducted  supersonic  air  stream 
(M  =  1.5).  The  duct  has  a  square  cross  section  that  converges  downstream  of  the  hydrogen  injector.  Chemical 
reaction  is  modelled  using  the  equilibrium  scheme  described  earlier  and  turbulence  is  .again  described  with 
the  two  equation  model .. 
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The  pressure  rises  downstream  in  the  duct  due  to  compression  and  reaction.  Along  the  duct  centerline 
{labeled  0),  there  is  a  significant  upstream  shift  of  the  static  pressure  rise  computed  by  the  partially 
elliptic  program  as  compared  to  the  parabolic  program.  Apparently,  there  is  significant  pressure  feedback 
from  the  disturbance  due  to  reaction  that  is  accounted  for  by  the  partially  elliptic  program.  Along  the.  duct 
corner  (labeled  C),  there  is  little  difference  between  the  two  computational  procedures.  In  embedded  sub¬ 
sonic  regions,  these  results  emphasize  the  need  to  account  for  downstream  influences  that  ultimately  affect 
all  results  in  a  calculation. 

At  present  the  PELICAN  code  is  being  reviewed  in  an  effort  to  improve  the  pressure  iteration  procedure 
and  establish  improved  criteria  for  convergence.  The  application  of  the  code  to  the  analysis  of  supersonic 
combustor  flow  configurations  for  which  data  are  available  is  anticipated  in  the  near  future. 

For  regions  in  the  engine  where  there  is  no  longer  a  predominant  flow. direction,  i.e.,  near  a  transverse 
fuel  injector  where  flow  recirculation  is  present,  a  parabolic  or  partially  elliptic  analysis  is.no  longer 
valid.  Near  a  transverse  injector,  either  the  fully  elliptic  form  of  the  governing  equations  must  be  solved, 
or  the  flow  separation  that  is  present  must  be  modelled.  The  following  section  of  the  paper  discusses  two 
computer  programs  being  used  to  study  transverse  fuel  injectors  in  the  engine,  and  presents  several  recent 
comparisons  of  the  program  with  available  data. 

5.0  ELLIPTIC  FLOW  PROGRAMS 

The  flow  field  near  transverse  fuel  injectors  not  only  contains  embedded  regions  of  subsonic  flow,  but 
also  contains  separated  recirculating  regions  as  well.  With  such  a  flow,  stroamwise  diffusive  effects  must 
be  considered,  and  parabolic  analyses  described  earlier  cannot  be  used.  The  inclusion  of  strearrwise  diffusion 
results  in  an  elliptic  set  of  governing  equations  for  the  injector  near  field.  These  equations  must  either 
be  solved  directly  or  modelled  to  analyze  the  flow  field.  Both  a  flow-field  model  and  a  direct  numerical 
solution  are  currently  being  employed  to  analyze  the  transverse  injection  flow  field,  and  that  work  is  des¬ 
cribed  below. 

5.1  Transverse  Jet  Interaction  Model 


The  injection  of  hydrogen  fuel  from  a  wall  injector  directed  transverse  to  the  mainstream  flow  has  been 
an  essential  feature  of  scramjet  combustor  designs  since  their  inception.  In  order  to  obtain  performance 
predictions  of  these  combustor  configurations,  it  is  necessary  to  account  for  the  effects  of  the  transverse 
jet  interaction  (TJI)  on  the  subsequent  mixing  and  reaction.  Analytical  solutions  of  the  complete  details 
of  the  three-dimensional  TJI  flow  field  are  difficult,  because  they  must  employ  the  elliptic  fora  of  the 
Navier-Stokes  equations  to  account  for  the  presence  of  certain  aerodynamic  features.  These  features,  which 
are  illustrated  in  figure  20,  are  caused  by  the  transverse  momentum  and  blockage  of  the  injected  fuel.  In 
the  TJI  flow  region  the  mainstream  and  jet  contain  separation  and  recirculation  zones  which  initiate  shock 
waves  and  may  contain  embedded  regions  of  subsonic  flow.  At  the  present  time,  the  numerical  solution  of 
such  a  three-dimensional,  elliptic  flow  field  is  not  practical  because  of  the  large  storage  and  computational 
times  required. 

As  an  alternative  to  the  numerical  solution  of  the  complete  TJI  flow  field,  a  global  model  has  been 
derived  and  applied  to  the  prediction  of  some  supersonic  combustion  data.21*  The  concept  of  this  global  model 
approach  is  to  transform  the  TJI  region  in  a  physically  compatible  way  that  can  be  computationally  coupled 
with  a  more  detailed  solution  of  the  downstream  flow.  Since  the  combustor  flow  well  downstream  of  the  fuel 
injection  has  a  predominant  flow  direction  and,  generally,  contains  no  separated  flow  regions  or  shocks,  it 
can  readily  be  computed  using  a  parabolic  numerical  solution  algorithm.  The  TJI  model  provides  profiles  of 
tho  flow  variables  at  some  point  downstream  of  the  jet. by  solving  the  integrated  form  of  the  conservation 
equations  for  the  elliptic  flow  region  caused  by  the  jet  disturbances.  These  profiles  are  then  used  to  start 
the  parabolic  solution  which  provides  details  of  the  turbulent  mixing  and  reaction  through  the  remainder  of 
the  combustor.  In  this  way,  the  TJI  model  provides  a  needed  computational  tool  for  the  design  and  analysis 
of  supersonic  combustor  flows  with  transverse  injection  of  fuel. 

The  two-dimensional  TJI  model  was  derived  by  considering  the  observable  physical  and  aerodynamic  char¬ 
acteristics  of  the  jet  interaction,  assuming  nondimens* onal  profiles  of  the  flow  variables,  and  evaluating 
the- constants  in  the  assumed  profiles  so  as  to  satisfy  the  integrated  form  of  the  conservation  equations. 
Before  discussing  the  basic  concept  of  the  TJI  model,  however,  It  is  of  interest  to  briefly  review  the 
aerodynamic  features  of  the  jet  interaction  flow  field.  The  features  of  the  TJI  flow,  depicted  schematically 
in  figure  20.  are  typical  of  observations  for  both  discrete  orifice25  and  slot26  injectors.  Of  particular 
Interest  to  the  development  of  a  flow  model  are  the  flow  separation  and  recirculatior  zones  immediately  up¬ 
stream  and  downstream  of  tiie  injector,  the  separation  and  bow  shock  waves  caused  by  tie  jet  blockage,  and 
the  so-called  jet  Mach  disc  shock  internal  to  the  jet  flow.  The  upstream  flow  separation  zone  initiates  a 
planar  (in  the  two-dimensional  case)  oblique  shock.  The  jet  bow  shock  has  been  used. to  obtain  the  size  of 
a  solid  body  equivalent  in  blockage  to  the  jet  flow.  Generally;,  as  in  the  case  of  an  unbounded  mainstream 
flow,  the  bow  shock  produces  no  net  turning  of  the  flow,  and  approaches  a  Mach  line  at  large  distances  from 
the  jet.  In  the  separated  flow  region  immediately  behind  the  injector,  wall  pressure  data  for  a  two-dimen¬ 
sional  (slot)  jet  in  nonreacting  flow  indicate  that  the  flow  expands  rapidly  from  the  raised  pressure  level 
caused  by  the  combined  effects  of  the  upstream  shock  structure  and  at  the  downstream  reattachment  point, 
approaches  the  pressure  of  the  undisturbed  mainstream.  The  jet  Mach  disc  shock  occurs  within  the  jet  flow 
as  the  jet  fluid  expands  supersonically  from  sonic  conditions  at  the  injector  exit.  The  height  of  the  jet 
Mach  disc  shock,  which  is  generally  considered  to  be  characteristic  of  the  transverse  jet  interaction  dis- 
turbance25’28’29’30  represents  the  penetration  of  the  jet  fluid  into  the  supersonic  mainstream.  As  such  a 
scaling  parameter,  the  jet  Mach  disc  shock  height  has  been  correlated  with  injection  pressure  for  both  dis¬ 
crete  orifice31  and  slot25’29  Injector  configurations.  Typically,  the  Mach  disc  marks  the  commencement  of 
rapid  mixing  of  the  injected  gas  and  mainstream. 

Considering  these  pertinent  characteristics  of  the  TJI  flow  field,  it  is  assumed  that  the  flow  in  the 
vicinity  of  injection  can  be  represented  by  the  two-dimensional  flow  model  presented  in  figure  21.  The  flow 
is  considered  to  be  confined  within  a  iwo-dimensional  duct  with  walls  that  diverge  at  small  angles  aB  and 
ay.  As  can  be  seen  from  the  figure,  the  flow  model  assumes  a  leading  shock  wave  that  is  a  linear  combination 
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of  the  Separation  and  bow  shocks.  Tin's  means  that  at  Ta-ge  distances  from  the  injector,  the  turning  imparted 
to  the  flow  by  the  combined  shock  is  equal  to  that  of  the  upstream  separation  region.  The  exit,  plane  of  the 
floW  model  is  taken  at  the  downstream  location  where  the  combined  leading  shock  wave  intersects  the  opposite 
wall  of  the  duct.  Reflection  of  the  combined  shock  from  the  upper  surface  is  not  included  in  the  flow. model. 
The  surfaces  of  the  combined  shock,  the  model  exit  plane,  and  the  injection  surface  define  the  control  volute 
shown  by  the  broken  lines  in  figure  21.  The  integration  of  the  conservation  equations  over  the  control  volume 
yields  relations  which  must  be  satisfied  by  profiles  of  the  flow  variables  at  the  exit  plane.  Such  relations 
are  then  used  to  determine  the  characteristic  parameters  of  these  profiles. 

Starting  with  the  divergence  form  of  the  conservation  equations  and  assuming  that  the  flow  is  steady, 
body  forces,  conduction,  and  radiation  are  negligible,  no  chemical  reactions  occur,  and  the  diffusion  is 
small  compared  to  convection,  the  equations  reduce  to 

mass  ^spvinids  =  0  ,  (11) 

momentum  ^$(pv.v.  “  Pij^nidS  =  0  ’  O2) 

energy  ^pevi  "  vjPij^nidS  =  0  ’  O3) 

species  ^pv.xn.dS  =  0  .  (14) 


energy 


species 


In  these  equations,  p  is  the  density,  v-  is  the  velocity  vector,  k  is  fuel  mass  fraction,  and  e  is  the 
sum  of  internal  and  kinetic  energies.  Tne  integrals  are  evaluated  over  the  surface  area  S  of  the  control 
volume;  the  n-  are  unit  normal  vectors  directed  outward  from  each  surface.  Applying  the  equations  to  the 
flow  model  control  volume,  and  assuming  that  the  shear  stress  components  of  the  stress  tensor  are  neg¬ 
ligible  in  comparison  with  the  pressure  terms  except  on  the  surfaces  of  the  duct,  the  equations  ot  motion 
(except  the  energy  equation)  per  unit  width  of  duct  are: 


■'c  P2V2  cos  ^2  dz'  =  ^  +  f^0  » 


streamwise  momentum 


f0Zb.vl)  cos2  62  dz'  +  /02p2  dz'  =  p0V2hQ  +  p0(hQ  +  xLG  tan  «T) 


transverse  momentum 


-  Sp(cos  aB  +  cos  otj)  +  Fj  sin  af ,  -  Fw  tan  aB  , 

hp  p 

f0  (p2Up  sin  <S2  cos  62  dz’  =  Fj  cos  aR  +  Fw  -  pQxLG 
-  Sp(sin  a-j-  +  sin  aG)  , 


species 


pos  52  dz'  =  f™0 


In  this  form  h  is  tha  duct  height,  6  is  the  local  flow  angle,  f  =  itip/ifiQ  is  the  ratio  of  fuel  and  main¬ 
stream  mass  flow  rates,  and  p  is  the  static  pressure.  Subscripts  2  and  0  refer  to  properties  in  the 
mode)  exit  plane  and  the  undisturbed  mainstream,  respectively.  The  skin  friction  force  on  each  wall  is 

defined  as  Sp  =  ^PqVq  cpx^G  where  cp  is  the  mean  skin  friction  coefficient,  and  xLG  =  \  +  xs  is  the 
total  length  of  the  control  volume.  The  integral  of  wall  pressure  on  the  injection  wall  is  F  .  The  total 

p  ” 

momentum  of  the  jet  gas  is  defined  as  Fj  =  (pfVp  +  pp)Af. 

The  energy  equati  n-can  be  reduced  to  an  algebraic  relation  between  static  temperature  and  velocity  by 
assuming  that  convection  dominates  the  energy  transport.  This  assumption  implies  that  the  local  stagnation 

enthalpy  is  directly  related  to  the  local  composition  through  Hp  =  tcH°  +  (I-k)Hq,  which  gives  the  energy 
equation  as 

H2(T)  +  V2/2  =  W\  (19) 

These  last  f-.v®  equations,  along  with  the  equation  of  state  provide  six  equations  in  tha  six  unknowns 
T,  V,  p,  k,  6,  and  (pV).  It  is  convenient  to  write  tne  equation  of  state  in  terms  of  the  unknown  parameters 
to  obtain 

V  =  (pV)R°T/pW 

where  W  is  the  local  molecular  weight  of  the  mixture,. 


W  =  [w/Wf  <-  (l-K)/Wor 


(20) 


lo-n 


In  order  to  solve  these  equations,  it  is  necessary  to  know  something  about  the  profiles  of  the  flow  variables 
(p,  (pV),  k,  and  6)  that  appear  in  the  integral  terms..  The  velocity  and  temperature -can  be  obtained  by 
simultaneously  solving  the  energy  and  state  equations  once  tne  pressure,  mass  flux,  and  composition  are  known. 
Since  the  goal  of  the  TJI  model  is  to  obtain  profiles  of  the  flow  properties,  nondimensional  profiles  of 
these  four  flow  variables  were  determined.  Each  assumed  profile  was  represented  by  a  mathematical  function 
containing  only  one  unknown  parameter  that  was  representative  of  the  magnitude  of  the  flow  variable.  For 
the  fuel  mass  fraction  and  the  mass  flux,  the  profile  functions  were  based  on  available  data  in  an  unconfined, 
nonreacting  flow;  for  the  static  pressure  and  flow-angle  profiles,  simple  functions  were  assumed  subject  to 
the  constraints  at  the  boundaries  of  the  duct. 


It  was  .shown  in  reference  24  that  the  fuel  mass  fraction  profiler  can  be  represented  by  the  Gaussian 
type  function 


k/k, 


exp(-AkZ2), 


z  >  z,. 


max 


(21) 


(1  -  kJ  exp(-Ak0Z  )  +  V  z  £  zk 

A 

where  the  nondimensional  coordinate  Z  is  defined  as 


z  =  cuWzk  -  1) 

A 

with  Cu  defined  for  z  >  zk  so  as  to  make  Z  =  1  where  k  =  x^/2, 


C„  =  T 


Yzk 


1n^6/Kmax)  |-  * 

Ak  J  * 


In  these  equations,  zk  is  the  location  of  the  peak  concentration  xmax,  and  z^  is  the  edge  of  the  mixing 
region  arbitrarily  chosen  as  the  point  where  the  fuel  mass  fraction  has  decayed  to  =  0.0005  xmax.  Ak  = 
0.6935  is  a  constant  and  Ak  =  An(tc<j/K^nax (1  -  i^)).  The  value  of  the  fuel  mass  fraction  at  the  injection 
wall’  is  arbitrarily  taken  as  ic  =  0.5. 

For  the  mass  flux  profiles,  a  reasonable  fit  to  the  data  profiles  between  the  injection  wall  and  the 
edge  of  the  mixing  region  was  obtained  with  the  modified  Gaussian-type  function. 

(21a) 


Rtf)  =  (1  -  CR)  exp[-AR{l  -  Z/Z/]  +  CR,  Z  >  Z6  , 


where  Z  =  z/h2>  R  =  (pV)/(pV)5,  CR  =  0.15  is  the  extrapolated  value  of  (pV)/(pV)fi  at  Z  =  0,  and  AR  =  10 
is  chosen  to  make  the  exponential  small  enough  so  that  R(0)  =  CR.  Between  the  edge  of  the  mixing  region 
and  the  opposite  wall,  the  mass  flux  varies  from  R^  =  (pV)5  at  Zj  to  the  value  RL  downstream  of  the 
combined  shock  at  Z  =  1.  The  profile  function  in  the  region  was  assumed  to  be  a  second  order  polynomial 


Rtf)  =  1  + 


,  Z>  Zfi 


(22b) 


The  locations  of  the  peak  concentration  zk  and  the  edge  of  the  mixing  region  zs  in  these  functions  were 

found  from  correlations  presented  in  the  literature. 25,22,23  The  only  unknowns  in  the  profile  functions 
are  the  peak  concentration  xmax  and  the  mass  flux  at  the  edge  of  the  mixing  region  (pV)5,  v;hich  are  found 

from  the  species  and  mass  equations,  respectively. 

Profile  functions  for  the  static  pressure  and  flow  angle  in  the  model  exit  plane  were  assumed  to  be 
second  order  polynomials.  Two  of  the  three  coefficients  can  be  evaluated  by  the  boundary  conditions  on 
the  duct  walls.  At  the  injection  wall*  the  pressure  p  is  assumed  to  have  returned  to  the.  undisturbed 
mainstream  value,  and  the  flow  angle  is  the  wall  angle.  On  the  opposite  wall  values  of  ,p  and  6  are 
known  from  the  jump  conditions  across  the  shock.  The  third  coefficient  in  the  assumed  functions  was  eval¬ 
uated  in  terms  of  mean  values  of  pressure  pm  and  flow  angle  6m  (or  tan  6m).  The  resulting  equations 
are 

p2  =  pw  +  Z(3Z  -  4)  pw  +  Z(3Z  -  2)  pL  +  6Z(1  -  Z)  P|n  ,  (23) 

wi  th 

1 

Pm  =  J  P2  dZ 

and 

tan  <$2/tan  =  (1  -  c)  Z  +  cZ2  +  (  1  -  Z)  tan  ag/tan  <$L, 


(24) 
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with  c  evaluated  to  satisfy  the  mass  averaged  flow  angle. 


1  1 

tan  5  f  (pV),  dZ  =  /  tan  6,  (pVL  dZ  . 

m  0  a  q  c  i 


The  unknown  profile  parameters  p  and  6  are  found  by  iterative  solution  of  the  x  and  z  momentum 
equations.  m 

Through  the  preceding  assumptions,  each  of  the  profiles  of  an  unknown  variable  (k,  (pV),  p,  and  6)  in 
the  model  exit  plane  has  been  replaced  by  a  mathematical  function  containing  a  single  unknown  parameter 
(tcmax>  (pv),$>  Pm»  and  6m,  respectively),  that  relates  to  the  magnitude  of  the  profile.  Before  the  assumed 

profile  functions  can  be  used,  however,  the  coordinates  of  the  combined  shock  and  the  pressure  distribution 
on  the  injection  wall  must  be  obtained  to  define  the  size  of  the  control  volume  and  provide  the  necessary 
boundary  conditions  for  the  assumed  profiles. 

The  coordinates  of  the  assumed  combined  shock  used  in  the  TJI  model  were  obtained  from  a  correlation 
that  compared  favorably  with  observed  shock  coo'di  nates  produced  by  hydrogen  transverse  jets  in  a  Mach  2.72 
airstream.25  Relative  to  the  jet  diameter,  the  shock  equation  is 


xs 

T 


+  COt‘  I 


s{[RS+(f>  tan  9sj 


-  R. 


(25) 


where 


x_  Rn  r-»  Rr  Rp 

r  =  r (1  +  r^)  and  Rs =  ^  r 

with  Rg  equal  to  the  radius  of  the  jet  equivalent  body.  For  a  spherically-nosed  body,  correlations  of  the 

shock  stand-off  distance  D  and  the  shock  radius  of  curvature 


Rc  are  given  as34 


RC/RB  =  1.143  exp  0.54/ (MQ  -  l)1,2  ,  0/Rg  =  0.143  exp  (3.24/M2)  . 


(26) 


In  the  comparisons  of  reference"  25,  the  radius  of  the  equivalent  body  was  taken  as  the  location  of  the  jet 
Mach  disc  shock  above  the  injection  surface.  The  Mach  disc  location  has  been  related  to  the  jet  and  main¬ 
stream  properties  and  is  given  by21f 


3  /  Po_\  /yM02  \ 
2  \pt,0/ 


(27) 


The  angle  0  in  the  shock  coordinate  equation  is  the  asymptote  that  the  shock  approaches  at  large 
distances  from  the  jet.  The  appropriate  value  was  found  by  assuming  1)  that  0  equals  the  angle  of  the 
separation  shock  caused  by  the  recirculation  zone  upstream  of  the  jet,  and  2)  that  the  pressure  force  on  the 
wall  upstream  of  the  jet  is  the  same  for  the  separation  and  bow  shocks  in  the  real  flow  (fig.  20)  and  the 
combined  shock  in  the  model  flow  (fig.  21). 

The  wall  pressure  distribution  downstream  of  the  jet  was  modelled  after  data27  for  a  2-D  slot  injector 
in  a  Mach  2.61  freestream.  Typically,  these  data  indicate  a  rapid  expansion  of  the  flow  behind  the  jet 
followed  by  a  nearly  linear  recompression  to  the  mainstream  pressure  at  the  downstream  reattachment  location. 
It  also  was  observed  that  the  distance  to  reattachment  xR  is  approximately  equal  to  the  upstream  separation 
distance.  Thus,  11 

0  „  (  Pexp  +  <Pwl  -  Pexp>  x/xR’  0  <  x  <  XR 
W  (  Pwl*  x>  R 

where 

Pexp  =  Ps^"1’  pwl  =  PO’  and 

This  assumed  wall  pressure  distribution  is  shown  for  a  typical 
ative  data  from  reference  27. 

With  the  assumed  profile  functions  and  the  coordinates  of  the  combined  shock,  the  conservation  equations 
can  be  integrated  and  solved  by  iterating  on  p^  and  6  .  First,  initial  values  of  pm  and  6m  from  a 

1-D  solution  and  profiles  of  the  pressure  and  flow  angle  are  computed.  Then,  nondimensional  profiles  of 
fuel  mass  fraction  and  mass  flux  are  computed  and  the  values  of  and  (pV).  found  from  the  species  and 

ii  sax  o 

mass  equations,  respectively.  The  temperature  and  velocity  are  obtained  from  the  energy  and  state  equations, 
and  the  imbalance  of  the  streamwise  and  transverse  momentum  equations  is  computed.  From  this  imbalance 
corrections  to  p  and  6  are  made  using  a  Newton-Raphson  procedure.  Typical  results  of  the  TJI  model 
are  given  in  figuf^e  23  in  the  form  of  profiles  of  density,  pressure,  velocity,  and  temperature.  Each  profile 
has  been  nondimensional ized  by  the  value  of  the  undisturbed  mainstream  flow. 

The  impetus  for  the  development  of  the  TJI  model  was  to  obtain  a  computational  tool  for  the  analysis 


XR  =  xsep  * 

case  in  figure  22,  along  with  some  represent- 
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and  design  of  supersonic  combustor  flows.  An  evaluation  of  this  modelling  approach  was  obtained  by  com¬ 
paring  some  supersonic  combustion  data  with  computations  using  the  profiles  from  the  TJI  model  to  ini¬ 
tialize  the  previously  described  SHIP  code.  These  data  were  acquired  for  transversely  injected  hydrogen 
in  a  supersonic  stream  confined  within  a  two-dimensional  duct.  The  test  gas  was  supplied  by  a  hydrogen- 
air  burner  with  oxygen  replenishment  through  a  Mach  2.7  nozzle.  Stagnation  conditions  of  the  test  gas  were 
nominally  2120  K  and  2.173  MPa,  which  are  representative  of  Mach  7  flight  conditions.  The  hydrogen  fuel 
was  injected  from  a  row  of  five  circular  orifices  equally  spaced  across  the  top  wall.  The  orifices  operated 
choked  with  nominal  stoichiometric  fuel  injection  of  0.095  kg/s  mass  flow  rate.  Data  measurements  included 
static  pressure  along  the  centerline  of  the  top  (injection)  and  bottom  (opposite)  walls  and  surveys  of  the 
flow  in  a  plane  just  downstream  of  the  duct  exit.  In  those  surveys,  pitot  pressure  and  gas  composition 
were  acquired  using  a  nine  probe  rake  at  six  locations  across  the  height  of  the  duct. 

Comparisons  of  one  of  the  data  cases  with  the  SHIP  predictions  using  the  TJI  model  are  presented  in 
figures  24,  25,  and  26.  In  all  cases,  the  symbols  indicate  the  data  and  the  lines  indicate  results  from 
SHIP  with  the  solid  line  used  for  the  equilibrium  chemistry  case,  the  broken  line  for  complete  reaction, 
and  the  dotted  line  for  no  reaction.  Figure  24  presents  distributions  of  the  pressure  along  the  injection 
and  opposite  walls.  In  general,  the  trend  of  the  data  and  theory  shows  good  agreement.  The  difference 
in  the  magnitude  of  the  pressures  for  the  data  and  theory,  particularly  on  the  injection  wall  near  the 
injector,  may  be  due  to  reaction  of  fuel  in  the  separated  flow  zone  upstream  of  the  jet,  which  would  raise 
the  measured  wall  pressure  well  upstream  of  the  jets.  The  TJI  model  used  to  start  the  SHIP  calculation 
does  not  account  for  this  effect  since  it  is  based  on  nonreacting,  unconfined  profile  data,  and  assumes, 
therefore,  that  the  pressure  on  the  injection  wall  returns  to  the  value  in  the  undisturbed  mainstream. 

An  interesting  feature  of  the  wall  pressure  comparisons  is  that  oscillations  in  the  SHIP  results  match 
in  location  those  observed  in  the  data.  These  oscillations  in  the  data  pressures  are  due  to  shock  waves 
reflecting  down  the  duct;  in  SHIP  they  result  from  the  reversal  of  the  transverse  velocity  component  at  the 
duct  walls.  The  overall  agreement  in  the  trend  of  these  comparisons  is  considered  good,  particularly  with 
regard  to  the  location  of  the  peaks  in  the  oscillations. 


Figure  25  shows  comparisons  of  the  data  and  theory  for  the  pitot  pressure  and  fuel  mass  flux  profiles. 
Note  that  for  these  profiles,  the  fuel  is  injected  from  the  top  (z/h  =  1.0).  For  the  pitot  pressures,  the 
general  trend  of  both  the  data  and  the  SHIP  theory  is  lower  values  in  the  fuel  rich  region  (z/h  >  0.5)  and 
higher  values  in  the  fuel  lean  region  (z/h  <  0.5).  For  the  fuel  mass  fraction  profiles,  the  agreement 
between  data  and  theory  is  quite  good  except  near  the  injection  wall.  This  lack  of  quantitative  agreement 
may  be  due  to  the  2-D  solution  algorithm  in  SHIP  which  tends  to  force  the  peak  concentration  to  the  boundary, 
or  to  3-D  effects  present  in  the  data  that  are  suppressed  in  the  2-D  calculation.  In  general,  the  overall 
agreement  in  the  trends  of  the  data  and  theory  is  considered  good. 

The  final  comparison  is  the  distribution  of  the  mixing  parameter  n  shown  in  figure  26.  The  mixing 

parameter  is  the  fraction  of  the  injected  fuel  that  has  mixed  to  a  reactaole  level.  The  symbol  at  the  end 

of  the  distributions  denotes  the  value  obtained  from  the  integration  of  the  flow  in  the  survey  plane  at  the 

duct  exit.  An  error  band  of  .t  5  percent,  based  on  the  overall  accuracy  of  the  data  integration  is  shown 

by  the  vertical  bar.  The  agreement  between  the  data  and  the  theory  is  good. 

The  implication  of  this  general  agreement  from  the  standpoint  of  applying  the  TJI  model  and  SHIP  code 
to  the  analysis  or  design  of  supersonic  combustors,  is  that,  even  though  fuel  mass  fraction  profiles  may 
not  be  accurately  predicted,  the  prediction  of  the  overall  level  of  accomplished  mixing  can  be  good.  With 
regard  to  the  uncertainties  inherent  in  the  TJI  model,  the  overall  agreement  between  the  data  and  theory 
results  obtained  is  encouraging.  The  TJI  model  offers  an  attractive  option  for  the  analysis  of  the  super¬ 
sonic  reacting  flow  field  downstream  of  a  transverse  hydrogen  jet. 


5.2  Slot  Injector  Program 


To  directly  describe  the  flow  field  about  a  transverse  fuel  injector  without  empirically  modelling  the 
jet  requires  that  the  elliptic  form  of  the  governing  equations  be  solved.  A  computer  program  to  analyze 
the  injector  near  fie!d  has  been  developed.36  The  governing  equations  are  solved  numerically  using  a  well- 
known  predictor-corrector  scheme,  and  turbulence  is  modelled  with  an  algebraic  eddy  viscosity  scheme.  Only 
mixing  of  the  hydrogen  fuel  and  air  is  currently  considered;  reaction  capability  will  oe  added  at  a  later 
date.  We  noted  earlier  that  the  analysis  of  orifice  injectors  (where  the  flow  field  is  three  dimensional) 
is  currently  limited  by  the  Stonge  of  existing  computers.  Therefore,  this  analysis  is  now  restricted  to 
two-dimensional  slot  fuel  injectors.  Details  of  this  two-dimensional  flow  are  ,seful  for  understanding 
flow  field-phenomena  near  a  transverse  fuel  injector,  however,  and  experience  gained  in  developing  the  two- 
dimensional  code  should  provide  the  background  for  extension  to  three  dimensions.  The  present  program  has 
been  used  to  analyze  two  transverse  fuel  injector  configurations.  The  results  of  these  analyses  are  pre¬ 
sented,  and  comparisons  are  made  with  available  experimental  data. 


The  flow  near  a  transverse  hydrogen  fuel  injector  is  governed  by  the  full  (elliptic)  form  of  the 
Navier-Stokes,  energy,  and  species  equations.  Written  in  conservation  law  form  for  two-dimensional  rectan¬ 
gular  coordinates,  these  equations  in  the  absence  of  body  forces  can  be  expressed  as: 


3U 

3t 


+ 


|£  +  |G  =  0 

3x  3y 


(29) 
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11  "  ’‘laminar  +  ’‘turbulent 

The  specific  heat  at  constant  volume  c  is  a  function  of  the  local  temperature  and  species  concentrations. 
The  pressure  is  calcu’ated  from  the  equation  of  state  for  an  ideal  gas 

p  =  pR°T/M 

where  the  molecular  weight  W  is  a  function  of  the  local  spec’es  concentrations.  The  laminar  viscosity  is 
calculated  from  Sutherland's  law 


^laminar 


1.458  x  10~6  T3/2 
(T  +  110.33) 


kg/m-s 


The  turbulent  viscosity  is  calculated  from  an -algebraic  eddy-viscosity  turbulence  model.3 


For  computational  efficiency- and  accurate  resolution  of  the  flow  field,  the  physical  coordinate  grid 
must  be  fine  near  the  strut  walls  and  the  injector  where  flow-field  gradients  are  large  and  viscous  effects 
are  important,  and  the  grid  must  be  coarse  Where  flow-field  gradients  are  small  and  viscous  effects  less 
important.  Therefore,  transformation  of  the’  independent  variables  with  a  nonuniform  computational  grid 
to  a  rectangular  computational  domain  with  a  uniform  grid  is  indicated.  Equation  (29)  is  transformed  from 
the  physical  domain  (x,  y,  t)  to  the  computational  domain  (X,  Y,  t)  using  the  independent  variable  trans¬ 
formation  of  Holst37  as  modified  by  Rudy.38  Equation  (29)  becomes 


3U  ,  df  3F  ,  1  dq  3G  _  „ 

3t  +  3x  9*  yp-^!  w  0 


(30) 


All  derivatives  in  the  F  and  G  vectors  transform  in  similar  fashion.  Their  final  forms  are: 


p  -  X 
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T  =  T  - 

xy  yx 


/  ,  1  dcj  3u.+  df'3v 

~  "  V  y  yA  -  yB;  ^  dx  ax 


_ _ ,7  df  3u  ,  1 .  .  dg  3v  \  2u  dq  3v 

ay  -  p  ‘  x  +  j  '  PF^dyfW 

n  df 

qx  "  'K  W  ix 

0  -  ■  -«  .  8es  dg 

y  yA  -  yB  sy  dyl 

The  functions,  f  and  g  compress  the  grid  near  Walls  and  fuel-  injectors. 

The  time-split  finite  difference  technique  of  MacComiack39  is  used  to  integrate  the  governing  equations 
until  a  steady-state  solution  is  reached.  If  a  solution  ,to_ equation  (30)  is  known  at  some  time  t  =  nAt, 
the  solution  at  the  next  time  step,  t  =  (n+.l)At  can  be  .calculated  from 

U"+J  =  L  (At)  lii".  (31) 

1>J 

for  each  node  point  (i,j)  in  a  finite  difference  grid  network  within  the  boundaries  of  the  computational 
domain.  The  finite  difference  operator  L  is  split  into  two  one-dimensional  difference  operators  L  (At) 
and  L  (At);  Each  split  operator  consists  of  a  predictor  and  corrector  integration  step;  Lv  is  deffned 
by  y  -  x 


U"+!  =  L  (At  )  u" 

1,j  x  '  V  i,j. 


.  c  n  * . 

■  fi-i,j 

\  df 

(32) 
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Ly  is  defined  by 


#!  =  L.  (At  )  uA 
i,j  y  ' y'  1,j 


iAj=u"  (gA  -  G,  ?  1  )  — ! — 
i.j  i,j  ay  \  i,j  i,j-i  /  yA,  - yB  <3y^ 


uA  +  u"+! 

-Gfl' 

i  1 

1  1.J  ti,j 

AY 

l  1,j+l 

1  ,  j’ 

yA  -  yB  dyvJ 

First  derivatives  in  the  F  and  G  terms  are  differenced  as. follows.  In  the'  Lx  operator  all  partial 
derivatives  with  respect  to  x  contained  in  F  are  foward.- differenced  in  the  predictor  and  backward 
differenced  in  the  corrector.  All  derivatives  with  respect  to  y  are  central  differenced  in  both  the  pre¬ 
dictor  and  corrector.  In  the  L  operator,  all  partial  derivatives  with  respect  to  y  are  forward 
differenced  in  the  predictor  ancrbackward  differenced  in  'che  corrector,  and  all  derivatives  with  respect 
to  x,  are  central  differenced.  The  one-dimensional 'operators  are  combined- to  form  a  two-dimensional 
operator  through  the  symmetric  operator  sequence39 

L  (At)  =  Ly  (£)  Lx  (At)  Ly  (f)  (36) 

One  pass  through  equation  (36)  advances  the  finite  difference  form  of  equation  (30)  through  one  time  step, 
At. 

Boundary  conditions  of  the  reflection  type  were  used  along  walls  or  planes  of !  symmetry. 39  For  a  wall 
along,  the  lower  boundary  of  the  physical  domain,  no  si  ip  conditions  (u  =  0,  v  =  0);  require 

.  ui ,1  =  "  ui,2  (37) 

vi,l  =  -  vi,2  (38): 

The  wall  is  assumed  adiabatic  so  that  the  normal,  derivative  of  temperature  must  vanish.  This  gives 

Ti,l  '  Ti‘»2 


(3?) 
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The  normal  derivative  of  the < hydrogen -mass  fraction  is  also  required  to  vanish  consistent  with  the  no  flux 
condition  at  a  wall  giving 


The  pressure  and  density  along  the  boundary  nodes  are  set  equal  to  the  values  at  adjacent  nodes. 

pi>l  =  pi,2 
pi,l  =  pi,2 


(40) 


(41) 

(42) 


These  boundary  conditions  are  applied  during  both  the  predictor  and  corrector  steps  while  integrating  the 
continuity,  momentum,  energy,  and  species  equation;..  For  a  wall  along  the  upper  physical  boundary,  equations 
(37)  through  (42)  again  specify  (with  an  appropriate  change  of  the  j  node  index)  the  required  boundary 
conditions.  For  a  symmetry  plane  along  the  upper  boundary,  equations  (37)  and  (38)  become 


ui,nny  ~  ui,nny-l 


V-  =  -v.  , 

i,nny  i,nny-l 


(43) 

(44) 


but  equations  (39)  through  (42)  remain  unchanged.  Boundary  conditions  along  the  inflow  plane  are  specified 
by  holding  all  dependent  variables  fixed  at  their  initial  values.  Along  the  outflow  station  all  dependent 
variables  are  calculated  by  linear  extrapolation  from  upstream  values.  At  a  hydrogen  fuel  injector,  boundary 
conditions  are  specified  by  fixing  all  dependent  variables  at  their  initial  values  consistent  with  the  re¬ 
quired  physical  behavior  of  the  jet.  Initial  conditions  are  normally  specified  before  beginning  a  calculation 
by  assuming  that  free-stream  conditions  exist  at  all  nodes  for  each  dependent  variable. 


Artificial  viscosity  must  be  added  near  the  bow  shock  and  reattachment  shock  to  smooth  pressure  and 
temperature  oscillations  that  develop  in  those  regions.  The  fourth  order  numerical  damping  technique  of 
MacCormack39  is  effective  in  smoothing  these  oscillations  with  moderate  injector  to  free-stream  pressure 
ratios.  For  high  pressure  ratios,  the  numerical  diffusion  cancellation  method  is  employed.  Details  regard¬ 
ing  the  application  of  both  techniques  are  given  in  reference  36. 

Calculations  have  been  performed  for  two  test  cases  that  consider  sonic  transverse  injection  of  hydrogen 
into  a  supersonic  air  cross  stream.  The  first  case  represents  a  two-dimensional  equivalent  of  the  flow 
between  two  scramjet  engine  struts  with  geometrically  opposing  hydrogen  fuel  injectors.  Results  from  this 
analysis  give  insight  into  the  nature  of  the  flow  field  near  fuel  injectors  and  indicate  likely  locations 
for  ignition  of  the  fuel-air  mixture  that  is  present.  The  second  case  considers  the  sonic  slot  injection 
of  hydrogen  from  a  flat  plate  at  zero  angle  of  attack  in  a  supersonic  cross  flow.  Experimental  wall  data 
are  available  for  the  latter  case,  and  comparisons  of  the  data  with  the  computer  program  are  discussed  in 
this  section. 

The  configuration  of  the  first  case  is  shown  in  figure  27.  Gaseous  hydrogen  is  injected  from  two  0.127 
cm  slots  ?.t 


M  =  1.1 
T  =  242  K 
p  =  0.526  MPa 

into  a  6  cm  high  by  10  cm  long  duct  having  the  following  inlet  air  conditions 

M  =  2.7 
T  =  800  K 
p  =•  0.101  MPa 

The  turbulent  Prandtl  Number  was  assumed  to  be  0.9.  The  physical  domain  was  spanned  by  a  finite  difference 
grid  with  39  nodes  in  the  streamwise  direction  and  30  nodes  in  the  transverse  direction.  Due  to  symmetry 
about  the  duct  centerline,  calculations  were  carried  out  only  in  the  region  between  the  lower  wall  and  the 
duct  centerline.  The  grid  was  compressed  normally  near  the  wall  and  in  a  streamwise  direction  about  the 
injectors  with  transformation  constants  (ref.  37)  specified  as 

Bx  =  7.8 


XQ  =  5,0  cm 

The  inflow  stat,-on  was  placed  approximately  1.5  cm  upstream  of  the  duct  entrance.  That  placement  was  neces¬ 
sary  to  prohibit  downstream  events  from  propagating  upstream  through  the  subsonic  region  of  the  wall  boundary 
layer  to  the  inflow  station  where  flow  conditions  were  fixed.  The  outflow  station  was  placed  5  cm  downstream 
of  the  injectors  where  the  flow  was  again  predominantly  supersonic  to  minimize  the  effect  of  the  outflow 
boundary  conditions  on  the  flow  field  near  the  injectors. 

Overall  results  from  the  first  case  are  shown  in  figures  28  through  32.  In  each  c?se  the  region  being 
displayed  lies  between  the  lower  duct  wall  and  the  duct  centerline.  The  injector  is  located  in  the  center 
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(X  =  5  cm)  of  the  computational  domain.  Figure  28  shows  a  plot  of  the  velocity  vector  field  in  the  lower 
half  duct.  Values  of  the  uniformly  spaced  vectors  are  interpolated  from  nodal  values  on  the  nonuniform  grid. 
The  expected  features  of  the  flow  field  have  been  predicted  by  the  analysis.  The  separated  region  upstream 
of  the  injector  is  apparent  in  the  plot  as  indicated  by  a  reversal  of  the  velocity  vectors  that  form  a  re¬ 
circulation  pattern.  The  separation  shock  that  results  from  the  thickened  boundary  layer  upstream  of  the 
separation  region  can  also  be  seen  through  a  small  upward  deflection  of  the  velocity  vectors.  The  separation 
shock  merges  into  a  bow  shock  that  turns  the  main-stream  flow  over  the  injector.  The  bow  shock  is  quite 
strong  and  can  be  observed  in  figure  28  through  a  large  upward  deflection  of  the  velocity  vectors  as  the 

flow  is  processed  by  the  shock.  The  downrunning  bow  shock  from  the  upper  injector  (actually,  in  this  case, 

a  centerline  reflection  of  the  uprunning  shock)  is  indicated  by  the  velocity  vectors  as  they  turn  downward 
from  the  centerline  just  beyond  the  point  where  the  shock  strikes  the  centerline.  Inspection  of  the  flow 
field  in  figure  28  near  the  injector  shows  that  the  hydrogen  jet  is  turned  in  a  nearly  streamwise  direction 
rather  quickly  by  the  air  cross  stream.  Blockage  of  the  cross  flow  by  the  jet  results  in  another  separated 

region  behind  the  injector  which  can  also  be  seen  in  the  vector  plot.  The  location  of  the  reattachment 

shock  following  this  separated  region  is  not  obvious  in  figure  28,  but  some  indication  of  the  shock  is  pre¬ 
sent  in  figure  29  where  the  velocity  vectors  turn  from  the  wall  and  reorient  in  the  mainstream  direction. 
Figure  29  shows  a  magnified  vector  plot  near  the  hydrogen  injector.  The  region  being  considered  is  centered 
about  the  injector  and  has  a  range  of 


2.5  cm  s  x  *  7.5  cm 
0  cm  *  y  s  1.5  cm 

Velocity  vectors  are  not  plotted  when  their  values  become  less  than  5  percent  of  the  maximum  vector  in  the 
field.  Examination  of  the  recirculation  region  upstream  of  the  injector  reveals  the  presence  of  two  counter¬ 
rotating  eddies  known  to  be  present  in  the  physical  flow. 

Figure  30  shows  a  contour  map  of  the  static  pressure  field  in  the  duct.  Each  contour  line  represents 
a  difference  in  pressure  of  0.02  MPa.  The  presence  of  the  separation  shock,  the  bow  shock,  and  its  reflec¬ 
tion  can  also  be  seen  in  this  figure  through  pressure  rises  across  the  shocks.  (Shocks  are  captured  and 
smeared  by  the  present  analysis,  and  therefore,  pressure  rises  across  the  shocks  occur  over  some  finite 
distance.  This  broadening  of  the  shock  structure  results  in  a  merging  of  the  separation  and  bow  shocks  mak¬ 
ing  visual  resolution  of  the  two  shocks  impossible.)  The  expansion  of  the  hydrogen  jet  into  the  air  cross 
stream  can  be  seen  along  with  the  expansion  of  the  hydrogen-air  mixture  over  the  injector.  There  is  also 
some  indication  of  a  duct  entry  shock  being  captured,  producing  a  small  pressure  rise  across  the  shock. 

Figure  31  displays  a  contour  map  of  the  static  temperature  field  in  the  duct.  Each  contour  line  rep¬ 
ress  ‘■s  a  change  in  temperature  of  70  K.  Note  the  temperature  rise  across  the  bow  shock  and  the  thermal 
boundary  layer  along  the  wall  that  thickens  with  movement  towards  the  fuel  injector.  Significant  cooling 
of  the  air  by  the  expanr^ng  hydrogen  jet  can  also  be  seen,  particularly  behind  the  injector.  Some  cooling 
is  also  experienced  in  the  separated  region  upstream  of  the  injector  due  to  the  limited  presence  of  hydrogen. 

Figure  32  provides  a  contour  map  for  the  hydrogen  mass  fraction  distribution  in  the  duct.  Contour  lines 
are  plotted  for  hydrogen  mass  fractions  of  0.75,  0.50,  0.25,  and  0.01.  With  a  static  jet  to  static  free- 
stream  pressure  ratio  of  5,  the  penetration  of  the  hydrogen  jet  into  the  air  cross  stream  is  significant. 

The  one  percent  hydrogen  contour  line  lies  at  1/5  the  duct  height  after  proceeding  only  2  cm  downstream. 

The  recirculating  region  upstream  of  the  injector  convects  hydrogen  forward  of  the  jet,  and  the  mixture  goes 
from  fuel  lean  to  fuel  rich  as  the  slot  is  approached.  The  separated  flow  downstream  of  the  slot  captures 
hydrogen  producing  a  very  fuel  rich  region.  These  characteristics  of  the  flow  have  been  experimentally 
observed  in  scramjet  tests;  the  upstream  region  provides  a  beneficial  area  for  fuel  ignition,  and  the  down¬ 
stream  region  (being  fuel  rich)  imposes  an  ignition  problem. 

The  first  test  case  provides  an  examination  of  opposing  slot  fuel  injectors  using  actual  flow  field 
conditions  encountered  in  current  scramjet  engine  concepts.  The  basic  features  of  the  flow  described  above 
compare  well  qualitatively  with  experimental  observations  near  a  fuel  uijector.  Additionally,  graphical 
representations  of  the  final  results,  used  to  describe  this  case,  provide  a  quick  visualization  of  the  over¬ 
all  flow  field,  as  well  as  interesting  details  near  the  fuel  injectors. 

The  second  test  case  provides  a  comparison  of  the  computer  program  with  experimental  data.41  Gaseous 
hydrogen  was  injected  from  a  choked  0.02  cm  slot  on  a  flat  plate  at  zero  angle  of  attack  into  a  supersonic 
air  cross  stream.  The  slo.t  was  5.08  cm  long  and  located  25.6  cm  from  the  leading  edge  of  the  plate.  The 

flow  field  with  this  slot  length  was  verified  in  reference  41  to  be  two  dimensional  within  the  region  of 

interest.  A  turbulent  boundary  layer  was  produced  by  tripping  the  flow  2.54  cm  from  the  plate  leading  edge. 
This  experiment  represented  the  only  case  known  to  the  authors'  in  which  species  measurements  were  made  to 
determine  hydrogen  concentration  away  from  the  slot.  The  case  was  by  no  means  ideal  for  verification  of  the 
present  computer  program,  however.  The  jet  to  free-stream  pressure  ratio  was  significantly  higher  than 
ratios  encountered  in  scramjet  design  (a  static  jet-to-freestream  pressure  ratio  of  43  as  compared  to  pressure 
ratios  of  5  to  15  expected  in  a  scramjet),  and  the  slot  width  was  quite  narrow.  These  two  conditions  combined 
to  produce  extremely  large  gradients  near  the  slot,  complicating  a  numerical  analysis  of  the  problem.  Large 

flow  field  gradients  also  complicate  the  accurate  acquisition  of  data  near  a  fuel  injector.  In  addition, 

only  conditions  along  the  wall  upstream  of  the  slot  were  measured.  No  surveyj  were  available  away  from  the 
plate. 

The  conditions  of  the  hydrogen  at  the  slot  exit  were 

M  *  K0 
T  =  243.  K 
p  =  7.28  MPa 
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The  conditions  of  the  air  just  upstream  of  theleading  edge  of -the  flat  plate  were 

M  =  2.5 
r =  130  K  ■ 
p  =  0.1 69?.  MPa 

Two  approaches  were  considered  to  define  the  computational  domain  for  this  case.  In  both  approaches  the  do¬ 
main  was  chosen  to  be  6 - cni  high  and  10  cm  long  with  the  injector  centered  along- the  lower  boundary.  The  over¬ 
all  plate  length  made  it  impracticable  to  begin  the  calculation  at  the  leading-edge.  Therefore,  for  the  first 
approach,  initial  conditions  were  specified  by  assuming  the. presence  of  a  turbulent  boundary  layer  on  the 
plate  beginning  at  the  leading  edge  with  the  boundary  layer  thickness  defined  by42 


The  streamwise  velocity  in  the  boundary  layer  was  defined  .using  the  one-seventh  power  :l  aw  distribution42 


For  the  second  approach,  the  calculation  was  initialized  assuming  uniform  free-stream  conditions  through  the 
computational  domain  (as  in  the  first  case).  There  was  little  difference  in  the  final  steady-state  results 
of  the  two  approaches,.  The  similarity  was  likely  due  to  the  fact  that  the  subsonic  portion  of  the  .boundary 
layer  well  upstream  of  the  slot  was  quite  thin  when  compared  with  the  thickened  boundary  layer  near  the  slot, 
and  therefore,  the  conditions  near  the  injector  were  relatively  insensitive  to  conditions  near  the  plate  well 
upstream. 

,  t 

The  turbulent  Rrandtl  number  in  this  case  was  assumed  to  be  0.7.  The  physical  domain  was  spanned  by  a 
grid  with  61  nodes  in  the  streamwise  direction  and  30  nodes  in  the  transverse  direction.  Free-stream  condi¬ 
tions  were  assumed  to  exist  along  the  upper  boundary.  The  grid  was  again  compressed  transversely  near  the 
plate  and  in  a  streamwise  direction  about  the  injector  with  the  following  transformation  constants  (ref.  37): 

6X  ■  11.28 

Bj,  ■  1.002 

XQ!  =  5.0  cm 

Comparisons  of  experimentally  measured  values  of  wall-, pressure  and  hydrogen  mass  fraction  upstream  of 
the:  slot  with  calculated  values  fro™  the  present  analysis  are  made  in, -figures  33  and  34,  respectively.  The 
calculated^wall  pressure  , (fig.  33)‘  <ias  the  same  basic  shape  as  the  experimental  data  but  the  calculated  pres¬ 
sure  rise  begins  at  about  120  slot  widths  upstream  of  ihe  injector  as  compared  to  the  experimental  pressure 

rise  that  begins  at  about  175  slot  widths  upstream  of  the  injector.  Calculated  and  experimental  values  of 

wall  pressure  ape  similar  through  the  last  100  slot  widths  upstream  of  the  injector,  and  there  is  reasonably 
good  agreement  ;f or  wall  plateau  pressures.  Figure  34  presents  a  comparison  of  computed  and  measured  values 
of  hydrogen  mass  fraction  along  the  plate  upstream  of  the  injector.  The  calculation  underestimates  the  amount 

of  hydrogen  present  initially  Closer  to  the  slot  (100  slot  widths  or  less)  the  calculation  of  the  hydrogen 

mass  fraction  agrees  fairly  )1  when  compared  with  the  experiment. 

Differences  between  the  calculation  and  experiment  are  attributable  to  two  basic  problems,  the  turbulence 
model  and  the  numerics.  Underprediction  of  the  point  of  separation  initiating  a  recirculation  region  upstream 
of  a  disturbance,  with  the  resulting  under'prediction  of  initiation  of  the- .wall  pressure  rise,  is  typical  of 
earlier  observations  by  other  researchers.  In  those  cases,  as  well  as  in  the  present  analysis,  the  point  of 
separation  is  a  strong  function  of  the  turbulence  field  in  the  flow.  Other  turbulence  models  have  been  ap¬ 
plied  to  the  present  problem,  and  resulted  in  a  significant  variation  in  the  separation  point  and  the  size  of 
the  recirculation  region.  The  present  turbulence  model,3  however,  gives  the  most  consistent  overall  results 
when  compared  with  the  experimental  data!.  In  such  a  complex  turbulent  mixing  flow,  a  simple  algebraic  eddy 
viscosity  turbulence. model  -is  obviously  inadequate.  Mon-equilibrium  effects  are;quite  important  in  the  sep¬ 
arated  region  hear  the  injector,  and  the  turbulence  field  in  this  region  is  certain  to  be  highly  anisotropic. 
Neither  effect  has  been  accounted  for  in  the  models  that,  have  been  used. 

Oscillations  present  in  the  results  of  figures  33  and  34  between  30  and  SO  slot  widths  upstream  of  the 

injector  are  likely  to  be  numerical  in  origin.  A  very  strong  bow  shock  resulting  from  the  highly  underexpanded 
hydrogen- injector  was  captured  in  this  region.  Pressure  oscillations'  leading  and  trailing  a  significant  static 
pressure  increase  when  passing  through  a  shock  are  typical  occurrences  with  the  present  technique.  Oscilla¬ 
tions  are  also  present  very,  near  the  slot  (0.1  cm),  but  the  oscillations  were  small  compared  to  the  overall 
pressure  rise  (0.17  to  7.3' MPa).  Severe  gradients  are  experienced  near  the  injector  that  require  an  extremely 
fine  grid  to  adequately  resolve.  Even  though  the  present  grid  is  highly  compressed  near  the  bow  shock  and 
injector,  truncation  error  is  likely  to  be  significant  in.  this  region. 

To  more  accurately  predict  the  complex  flow  regime  near  a  fuel  injector,  the  following  changes  to  the 

program  and  its  application  are  indicated;.  First,  the  turbulence  model  must  be  improved  to  account  for  the 

anisotropic  nature  of  the  turbulence  field.  Solution  of  the  Reynolds  stress  equations  seems  premature  at 
this  point.  However*  application  of  the  algebraic  Reynolds  stress  model  of  Rodi43  is  promising  since  it 
would  partially  account  for  the  anisotropy.  Second,  a  finer  discretization-obtained  by  employing  a  larger 
number  of  nodes  near  fuel  injectors  would  better  resolve  high  gradients  in  this  region.  Computer  core  limita¬ 
tions  restrict  the  number  of  nodes  that  can  be  considered, however.  Finally,  shock  capturing,  with  attendant 
numerical  smoothing,  smears  the  separation  and  bow  shock  over  a  relatively  large  distance  introducing  error 
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downstream  of  the  shocks.  Fitting  those  shocks  would  produce  a  much  better  spatial  resolution  of  the  flow 
variables  downstream  of  the  discontinuities. 

The  two-dimensional  elliptic  program  represents  a  first  attempt  to  model  a  transverse  injector  with  a 
purely  numerical  approach.  Experience  gained  during  the  development  of  the  program  should  be  helpful  when 
the  work  is  extended  to  three  dimensions.  That  extension  is  currently  limited  by  computer  resources  and 
required  processing  time.  The  twoTdimensional  program  does  allow  study  of  the  basic  flow  field  phenomena 
around  a  transverse  fuel  injector  and  this  new  capability  should  provide  guidance  in  the  ongoing  scramjet 
design  effort. 

The  transverse  jet  interaction  model  and  the  slot  injector  program  provide  two  options  for  initializing 
a  parabolic  flow  calculation  downstream  of  the  elliptic  region  surrounding  fuel  injectors.  The  TJ1  scheme 
models  the  fuel  injector  and  is  limited  to  inviscid  flow.  The  program  is  computationally  efficient,  however, 
allowing  parametric  analyses  to  be  carried  out  at  modest  cost.  The  slot  injector  program  directly  solves 
the  governing  equations  describing  viscous  flow  about  transverse  fuel  injectors.  Additionally,  the  program 
can  consider  other  problems  such  as  rearward  facing  steps  upstream  of  the  fuel  injectors.  Relaxing  the 
governing  equations  to  steady  state  is  time  consuming,  however,  making  the  procedure  rather  expensive  for 
parametric  studies.  Therefore,  extension  of  both  the  TJI  model  and  the  slot  injector  program  to  three  dimen¬ 
sions  is  planned.  Each  program  will  be  used  to  calculate  initial  conditions  for  the  three-dimensional  para¬ 
bolic  or  partially  elliptic  program  downstream  of  the  fuel  injectors.  The  coupling  of  these  programs  will 
provide  an  overall  combustor  analysis  tool  to  aid  in  the  design  of  the  Langley  scramjet  engine. 

6.0  CONCLUSIONS  ' 

A  system  of  computer  programs  has  been  developed  at  the  NASA  Langley  Research  Center  to  model  the  com¬ 
bustor  of  a  scramjet  engine.  The  engine  flow  field  can  be  divided  into  several  physical  flow  domains,  each 
of  which  can  be  described  by  appropriate  forms  of  the  Nayier-Stokes  and  companion  species  equations.  A 
program  based  on  those  governing  equations  has  been  developed  for  each  region,  and  the  programs  are  being 
combined  to  form  an  overall  computational  capability  for  scramjet  combustor  design.  Some  programs  in  the 
system  have  progressed  to  the  design  stage,  and  thoy  are  now  being  applied  to  actual  combustor  configurations. 
The  remaining  programs  continue  to  be  developed,  but  they  already  provide  basic  research  tools  for  limited 
engine  applications. 

The  parabolic  flow  computer  programs  are  based  on  proven  sqlution  algorithms,  and  have  been  improved  to 
include  an  appropriate  turbulence  model  and  multiequation  finite  rate  chemistry  models  considered  adequate 
for  modelling  supersonic  combustor  flow  fields.  Recent  comparisons  of  the  programs  with  experimental  data 
have  been  quite  encouraging.  The  partially  elliptic  computer  program  has  proved  effective  for  describing 
subsonic  flow  without  separation  in  the  combustor,  but  development  is  still  continuing  to  provide  a  satis¬ 
factory  convergence  criteria  for  the  computed  pressure  field.  Results  comparing  parabolic  and  partially 
elliptic  calculations  in  subsonic  flow  indicate  differences  sufficient  enough  to  warrant  continued  work  in 
this  area.  Elliptic  programs,  used  to  model  the  flow  field  near  transverse  fuel  injectors  are  the  most 
recent  addition  to  the  analysis  system.  Current  two-dimensional  analyses  compare  favorably  with  experimental 
data,  but  further  work  is  needed,  particularly  to  model  the  complex  turbulence  fields  and  chemical  reactions. 
Extension  of  the  elliptic  flow  program  to  three  dimensions  is  limited  by  storage  problems  to  all  but  the 
largest  current  or  future  vector  computers  until  significant  advancements  occur  in  integration  algorithms. 

Further  work  is  planned  in  turbulence  and  reaction  modelling  that  will  impact  all  of  the  combustor 
analysis  programs.  The  highly  anisotropic  turbulence  fields  that  must  exist  in  some  regions  of  the  combus¬ 
tor  must  be  considered  in  greater  detail.  Current  interest  exists  for  solution  of  the  Reynolds  stress 
equations  to  model  the  turbulence.  Application  of  the  algebraic  Reynolds  stress  model  of  Rodi  may  offer  a 
near  term  solution  to  that  problem.  Chemistry  models  will  be  extended  to  include  the  details  of  reaction 
and  ignition  in  hydrogen-air  reactions.  Finally,  the  importance  ot  coupling  between  chemical  reaction  and 
turbulence  must  also  be  considered  in  greater  detail.  The  impact  of  that  coupling  on  combustor  modelling 
is  not  well  understood  at  present.  The  current  capabilities  to  model  the  scramjet  combustor  flow  field  do, 
however,  represent  an  important  step  forward  in  engine  design,  and  should  provide  guidance  in  the  ongoing 
scramjet  development  effort  at  the  NASA  Langley  Research  Center. 

REFERENCES 

1.  Jones,  R.  A.,  and  Huber,  P,  W.,  "Toward  Scramjet  Aircraft,"  Astronautics  and  Aeronautics,  vol.  16, 

Feb,  1978,  pp  38-48. 

2.  Hearth,  D.  P.,  and  Preyss,  A.  E.,  "Hypersonic  Technology  -  Approach  to  an  Expanded  Program,"  Astro¬ 
nautics  and  Aeronautics,  vol.  14,  Dec,  1976,  pp  20-37. 

3.  Baldwin,  8.  S.,  and  Lomax,  H.,  "Thin  Layer  Approximation  and  Algebraic  Model  for  Separated  Turbulent 
Flows,"  AIAA  Paper  No.  78-257,  Jan,  1978. 

4.  Launder,  B.  E.,  and  Spalding,  D.  B.,  "The  Numerical  Computation  of  Turbulent  Flows,"  Computer  Methods 
in  Applied  Mechanics  and  Engineering,  vol.  3,  1974,  pp  269-289. 

5.  Bahn,  G.  S.,  "Calculations  on  the  Autoignition  of  Mixtures  of  Hydrogen  and- Air,"  NASA  CR-112067, 

Apr.  1972. 

6.  Evans,  J,  3.,  and  Schexnayder,  C,  J.,  "Critical  Influence  of  Finite  Rate  Chemistry  and  Unmixedness  on 
Ignition  and  Combustion  of  Supersonic  Hg-Air  Streams,"  AIAA  Paper  No.  79-0355,  Jan.  1979,. 

7.  Spalding,  D.  B.,  Launder,  B.  E.,  Morse,  A.  P.,  and  Maples,  G.,  "Combustion  of  Hydrogen-Air  Jets  in 
Local  Chemical  Equilibrium  (A  Guide  to  the  CHARNAL  Computer  Program)."  NASA  CR-2407,  1974. 

8.  Elghobashi,  S.,  and  Spalding,  D.  &.,  "Equilibrium  Chemical  Reaction  of  Supersonic  Hydrogen-Air  Jets 
(The  ALMA  Computer  Program),"  NASA  CR-2722  1977. 


10-20 


Patankar,  S.  V.,  and  Spalding,  D.  B.,  "Heat  and  Hass  Transfer  in  Boundary  Layers,"  int.  Textbook  Co.,  Ltd. 
(London),  Second  ed‘.  Int.,  1970. 


10.  Dash,  S.,  Weilerstein,  G.,  and  Vaglio-Laurin,  R.,  "Compressibility  Effects  in  Free  Turbulent  Shear 
Flows,"  Air  Force  Office  of  Scientific  Research,  TR-75-1436,  Aug.  1975. 

11.  Speigler,  E.,  Wolfshtein,  M'.,  and  Manheimer-Timnat,  Y.,  "A  Model  of  Unmixedness  for  Turbulent  Reacting 
Flows,"  Acta  Astronautica,  vol.  3,  1976,  pp  265-280. 

12.  Kent,  J.  H.,  and  Bilger,  R.  W.,  "Measurements  in  Turbulent  Jet  Diffusion  Flames,"  TN  F-41,  Dept.  Hech. 
Eng.,  Univ.  Syndey  (Australia1),  Oct.  1972. 

13.  Salas,  Manuel  D.,  "Shock  Fitting  Method  for  Complicated  Two-Dimensional  Supersonic  Flows,"  AIAA  J., 
vol.  14,  no.  5,  May  1976,  pp  583-588. 

14.  Markatos,  N.  C.,  Spalding,  D.  B.,  and  Tatchell,  D.  G.,  "Combustion  of  Hydrogen  Injected  into  a  Super¬ 
sonic  Airstream  (The  SHIP  Computer  Program),"  NASA  CR-2802,  1977. 

15.  Pan,  Y.  S.,  Drummond,  J.  .P.,  and  McClinton,  C.  R.,  "Comparison  of  Two  Computer  Programs  by  Predicting 
Turbulent  Mixing  of  Helium  in  a  Ducted  Supersonic  Airstream,"  NASA  TP-1166,  1978. 

16.  Pan,  Y.  S.,  "Evaluation  of  the  Three-Dimensional  Parabolic  Flow  Computer  Program  SHIP,"  NASA  TM-74094, 
1978. 

17.  Patankar,  S.  V.,  and  Spalding,  D.  B,,  "A  Calculation  Procedure  for  Heat,  Mass,  and  Momentum  Transfer 
in  Three-Dimensional  Parabolic  Flows,"  Int.  J.  Heat  and  Mass  Transfer,  vol.  15,  1972,  pp  1787-1806. 

18.  McClinton,  C.  R.,  "Evaluation  of  Scramjet  Combustor  Performance  Using  Cold  Nonreactive  Mixing  Tests," 

AIAA  Paper  No.  76-47,  1976. 

19.  Burrows,  M.  C.,  and  Kurkov,  A.  P.,  "Supersonic  Combustion  of  Hydrogen  in  a  Vitiated  Air  Stream  Using 
Stepped-Wall  Injection,"  AIAA  Paper  No.  71-721,  1971. 

20.  Burrows,  M.  C.,  and  Kurkov,  A.  P.,  "An  Analytical  and  Experimental  Study  of  Supersonic  Combustion  of 
Hydrogen  in  a  Vitiated  Airstream,"  AIAA  Journal,  vol.  11,  1973,  pp  1217-1218; 

21.  Pan,  Y,  S.  "The  Development  of  a  Three-Dimensional  Partially  Elliptic  Flow  Computer  Program  for  Combustor 
Research,"  NASA  CR-3057,  1978. 

22.  Pratap,  V.  S.,  and  Spalding,  D.  B.,  "Numerical  Computations  of  the  Flow  in  Curved  Ducts,"  The  Aero¬ 
nautical  Quarterly,  vol.  26,  1975,  pp  219-228. 

23.  Hjertager,  B.  H.,  and  Magnussen,  B.  F.,  "Computation  of  Some  Three-Dimensional  Laminar  Incompressible 
Internal  Flows,"  Proc.  of  25th  Heat  Transfer  and  Fluid  Mechanics  Institute  Meeting,  Stanford  University 
Press,  1976,  pp  436-451. 

24.  Rogers,  R.  C,,  "A  Model  of  Transverse  Fuel  Injection  Applied  to  the  Computation  of  Supersonic  Combustor 
Flow,"  AIAA  Paper  No.  79-359,  1979. 

25.  Orth,  R.  C.,  Schetz,  J.  A.,  and  Billig,  F.  $.,  "The  Interaction  and  Penetration  of  Gaseous  Jets  'n 
Supersonic  Flow,"  NASA  CR-1386,  1969. 

26.  Werle,  M.  J.,  Driftmyer,  R.  T.,  and  Shaffer,  D.  G.,  "Two-Dimensional  Jet  Interaction  with  a  Mach  4 
Airstream,"  N0LTR-70-50,  1970. 

27.  Spaid,  F.  W.,  and  Zukowski,  E.  E.,  "A  Study  of  the  Interaction  of  Gaseous  Jets  from  Transverse  Slots 
with  Supersonic  External  Flow,"  AIAA  J.,  vol.  5,  no.  2,  1968,  pp  205-212. 

28.  Zakkay,  V,,  Calarese,  W.*  and  Sake! 1 ,  L.,  "An  Experimental  Investigation  Between  Trans  rse  Sonic  Jets 
and  a  Hypersonic  Stream,"  AIAA  J.,  vol.  9,  no.  4,  1971,  pp  674-682. 

29.  Spaid,  F.  W.,  Zukowski,  E.  E.,  and  Rosen,  R.,  "A  Study  of  Secondary  Injection  of  Gases  into  Supersonic 
Flow,"  Jet  Propulsion  Lab.  Tech.  Rpt.  32-834,  1966. 

30.  Werle,  M,  J.,  "A  Critical  Review  of  Analytical  Methods  for  Estimating  Control  Forces  Produced  by  Secondary 
Injection*"  NOLTR  68-5,  1968. 

31.  Schetz,  J.  A.,  Hawkins,  P.  F.,  and  Lehman,  H.,  "Structure  of  Highly  Underexpanded  Transverse  Jets  in  a 
Supersonic  Stream,"  AIAA  J.,  vol.  5,  no.  5-,  pp  882-884. 

32.  Cohen,  L.  S.,  Coulter,  L.  J,,  and  Egan,  W.  J.,  Jr.,  "Penetration  and  Mixing  ef  Multiple  Gas  Jets  Sub¬ 
jected  to  a  Cross  Flow,"  AIAA  J.,  vol.  9,  no.  4,  1971,  pp  718-724. 

33.  Rogers,  R.  C.,  "Mixing  of  Hydrogen  Injected  from  Multiple  Injectors  Normal  to  a  Supersonic  Airstream," 

NASA  TN  D-6476,  1971. 

34.  Billig,  F.  S.,  "Shock-Wave  Shapes  Aiound  Spherical  and  Cylindrical  Nosed  Bodies,"  J.  of  Spacecraft, 
vol.  4,  no,  6,  1967,  pp  822-823. 

35.  Rogers,  R.  C.,  "Influence  of  fuel  Temperature  on  Supersonic  Mixing  and  Combustion  of  Hydrogen,"  AIAA 
Paper  No.  77-17,  1977. 


10-21 


36.  Drummond,  J.  P.,  "Numerical  Investigation  of  the  Perpendicular  Injector  flow  Field  in  a  Hydrogen  Fueled 
Scramjet,"  AIAA  Paper  No.  79-1482,  1979. 

37.  Holst,  T.  1..,  "Numerical  Solution  of  Axisymmetric  Boattail  Fields  with  Plume  Simulators,"  AIAA  Paper 
No.  77-224,  Jan.  1977. 

38.  Rudy,  D.  H.,  Private  Communication. 

39.  MacCormack,  R.  W.,  and  Baldwin,  E.  S.,  "A  Numerical  Method  for  Solving  the  Navier-Stokes  Equations  with 
Application  to  Shock-Boundary  Layer  Interactions,"  AIAA  Paper  No.  75-1,  Jan.  1975. 

40.  Spradley,  L.  W.,  and  Pearson,  M.  C.,  "Implementation  of  the  GIM  Computer  Code  on  the  CDC-STAR  Computer 
for  Analysis  of  Complicated  Flow  Fields,"  NASA  CR-3157,  1979. 

41.  Thayer,  W.  J.,  "The  Two-Dimensional  Separated  Flow  Region  Upstream  of  Inert  and  Chemically  Reactive 
Transverse  Jets,"  Ph.D.  Thesis,  Department  of  Mechanical  Engineering,  University  of  Washington,  1971. 

42.  Schlichting,  H.,  Boundary  Laver  Theory,  McGraw  Hill,  New  York,  1968. 

43.  Rodi,  W.,  "The  Prediction  of  Free  Turbulent  Boundary  Layers  by  Use  of  a  Two  Equation  Model  of  Turbulence, 
Ph.D,  Thesis,  University  of  London,  1972. 


ACKNOWLEDGEMENT 

The  authors  wish  to  acknowledge  the  contribution  of  Dr.  Y.  S.  Pan  to  the  development  of  the  current 
versions  of  the  three-dimensional  parabolic  and  partially  elliptic  flow  programs.  His  work  was  performed 
while  he  was  a  NRC-NASA  Senior  Research  Associate  at  the  NASA  langley  Research  Center  and  is  documented  in 
references  16  and  21. 


TABLE  I.  EXCHANGE  COEFFICIENTS  AND  SOURCE  TERMS  FOR  THE  2-D  PARABOLIC  PROGRAM 


10-22 


TABLE  II.  SPECIES  AND  REACTIONS3 


Species 


1 

H 

7 

n2 

2 

0 

8 

N 

3 

h2o 

9 

NO 

4 

OH 

to 

no2 

5 

°2 

11 

ho2 

6 

«2 

12 

hno2 

Reactions 


1 

HN02  +  M  NO  +  OH  +  M 

14 

OH  +  OH  H  +  H02 

2 

no2  +  M-*-NQ  +  0  +  M 

15 

H,0  +  0  H  +  H02 

*3 

h2  +  h*h  +  h  +  h 

16 

OH  +  02  0  +  H02 

*4 

o2  +  h-*-o  +  o  +  h 

.17 

H20  +  02  -  OH  +  H02 

*5 

H20  +  M  f  OH  +  H  +  M 

18 

H20  +  OH  ♦  H2  +  H02 

*6 

OH  *  H  0  +  H  +  M 

19 

0  +  N2  •>  N  +  NO 

7 

H02  +  M  -v  H  +  02  +  H 

20 

H  +  NO  N  +  OH 

*8 

H20  +  0  OH  +  OH 

21 

0  +  NO  ■*  N  +  02 

*9 

H20  +  H  ->  OH  +  H2 

22 

NO  +  OH  -*■  H  +  NOg 

*10 

02  +  H  OH  +  0 

23 

NO  +  02  *  0  +  N02 

*11 

H2  +  0  OH  +  H 

24 

n'o2  +  h2  -  h  +  hno2 

12 

H2  +  02-f  OH  +  OH 

25 

NOg  +  OH  -  NO  +  H02 

13 

Hg  +  02  *  H  +  H02 

Reaction  Rates 


Forward  Rate  Constant*5 

A  8 

C 

Reverse  Rate  Constant*5 
A  8 

c 

1 

5.0  x  1017 

-1.0 

25000 

8.0  x 

1015 

0 

-1000 

2 

1.1  x  10  6 

0 

32712 

1.1  X 

0 

-941 

3 

5.5  x  10  8 

-1.0 

51987 

1.8  x 

1°  3 

-1.0 

0 

4 

7.2  x  10j? 

-1.0 

59340 

4.0  x 

\o\l 

-1.0 

0 

5 

5.2  x  10fl 

-1.0 

59386 

4.4  x 

10?° 

-1.5 

0 

6 

8.5  x  10 

-rl  .0 

50830 

7.1  x 

1°  8 

-1.0 

0 

7 

1.7  x  10]6 

0 

23100 

1.1  X 

10  8 

0 

-440 

8 

5.8  x  10  3 

a 

9059 

5.3  x 

tO  2 

0 

503 

9 

8.4  x  10  3 

0 

10116 

2.0  x 

10  3 

0 

2600 

10 

2.2  x  1014 

0 

8455 

1.5  x 

1013 

0 

0 

11 

7.5  x  10]3 

0 

5586 

3.0  x 

10]3 

0 

4429 

12 

1.7  x  10  3 

0 

24232 

5,7  x 

10  ; 

0 

14922 

13 

1.9  x  10'3 

0 

24100 

1.3  x 

10  3 

0 

0 

14 

1.7  x  10jl 

•  0.5 

21137 

6.0  x 

10  3 

0 

0 

15 

5.8  x  10l] 

0.5 

28686 

3.0  x 

10  3 

0 

0 

16 

3.7  x  10  ] 

0.64 

27840 

1.0  x 

10 3 

0 

0 

17 

2.0.x  10  1 

0.5 

36296 

1.2  x 

1°  3 

0 

0 

18 

1.2  x  10  2 

0.21 

39815 

1.7  x 

1013 

0 

12582 

19 

5.0  x  00<3 

0 

37940 

1.1  x 

1013 

0 

0 

20 

1.7  x  10)4 

0 

24500 

4.5  x 

10]3 

0 

0 

21 

2.4  x  lOll 

0.5 

19200 

1.0  x 

1°  2 

0.5 

3120 

22 

2.0  x  10lT 

0.5 

15500 

3.5  x 

1°  4 

0 

740 

23 

1.0  x  10  2 

0 

22800 

1.0  x 

10]3 

0 

302 

24 

2.4  x  10  3 

0 

14500 

5.0  x 

i°U 

0.5 

1500 

25 

1.0  x  loll 

0.5 

6000 

■  3.0  x 

10l2 

O.o 

1200 

aThe  first  7  species  and  the  starred  reactions  constitute  the  8-reaction  system. 
bForm  of  rate  constant  is  k  =  AT®e}«p(-C/T)  with  k  in  cm^/mol e-sec  or  an6/mole^-sec. 


TABLE  III.  EXCHANGE  COEFFICIENTS  AND  SOURCE  TERMS  FOR  VARIABLE 


10-24 


K> 


\ 


D  =  0.0653m 
d.=  a  009525m 

INJECTOR  LIP  THICKNESS  =  0.0015m 


HYDROGEN  JET 

FREE  STREAM 

MACH  NUMBER,  M . 

2.00- 

1.90 

TEMPERATURE.  T,  K  .  .  .  . 

251 

1495 

VELOCITY,  u.  m/s . 

2432 

1510 

PRESSURE,  p,  MPa  .... 

MASS  FRACTION: 

ftl 

0.1 

H2 . 

1.000 

0 

°2 . 

0 

0.241 

N2 . 

0 

0.478 

h2o . 

0 

0.281 

Fig.  3.  Beach  experiment. 


- F1NITF  RATE 


Fig.  4.  Profiles  of  N„  and  0-  mass  fractions  for 
Beach  experiment.  c 


- FINITE  RATE 


Fig.  6.  Pitot  pressure  profiles  for  Beach 
experiment. 


D  =  0.305m 
d.=  0.0OT62m 

INJECTOR  LIP  THICKNESS  =  a 00020m 

0 

_L_ 

FLAME 

T 


HYDROGEN  JET 

FREE  STREAM 

MACH  NUMBER.  M . 

0.135 

0.043 

IEMPERATURE.  T.  K  .  .  .  . 

300 

300 

VELOCITY,  u.  m/s . 

178 

15.1 

PRESSURE,  p.  MPa 

OLl 

0.1 

MASS  FRACTION: 

H2 . 

1.0 

0 

°2 . 

0 

0.232 

N2 . 

0 

0.768 

h2o . 

0 

0 

Fig.  7.  Kent  and  Bilger  experiment. 
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Fig.  5.  Profiles  of  H?0  ma>s  fraction  for  Beach 
experiment.  c 


Fig.  8.  Distribution  of  mass  flow  for  Kent  and 
Bilger  experiment. 
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Fig.  16.  Comparison  of  Mach  number  profiles  for 
supersonic  combustion  of  hydrogen  and 
vitiated  air  (2  =  35.6  cm). 


Fig.  13e.  y  =  -0.0127  m. 
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Fig.  14.  Sketch  of  test  section  of  combustor  duct. 


Fig.  15.  Comparison  of  composition  profiles  for 
ducted  supersonic  combustion  of  hydro¬ 
gen  and  vitiated  air  (z  =  35.6  cm). 


Fig.  17.  Comparison  of  st  qnation  temperature 
profiles  for  ducteii  supersonic  com¬ 
bustion  of  hydrogen  and  vitiated  air 
(z  =  35.6  cm). 
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Fig.  18.  Comparison  of  pitot  pressure  profiles 
for  ducted  supersonic  combustion  of 
hydrogen  and  vitiated  air  (z  =  35.6  cm). 
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Fig.  19.  Comparison  of  parabolic  and  partially 
elliptic  flow  programs  for -hydrogen  - 
air  reaction  in  a  duct. 
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Fig.  21.  Flow  model  of  the  transverse  jet 
interaction. 


ol  ( i  i  t  -  pu‘rr  i  i  i.  i  i  _ii _ l  -i 

-.4  *.3  -.2  0  .1  .2  .3  .4  S  .6  .7  .8  .9  1.0 


Fig.  22.  Wall  pressure  distribution  downstream 
of  jet. 


Fig.  23.  Typical  profiles  of  density,  pressure, 
temperature,  and  velocity  from  TOI 
model . 
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Fig*  20.  Aerodynamic  features  of  the  transverse 
jet  interaction. 


Fig,  24.  Comparison  of  pressure  distributions 
along  injection  and.  opposite  walls; 
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Fig.  32.  Hydrogen  mass  fraction  contours  in 
Tower  half  duct. 


Fig.  34.  Comparison  of  experimental  and  calculated 
hydrogen  mass  fractions  along  plate. 
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Fig.  33.  Comparison  of  experimental  and  calculated 
static  wall  pressures. 
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DISCUSSION 


F.C.Lockwcod,  UK 

The  shock-induced  separation  zone  is  very  dependent  on  the  quality  of  the  predictions  for  the. impinging  shock.  How 
precisely  do  you  manage  to  obtain  the  required  good  definition  of  the  shock  wave  with  a  finite  difference  technique. 

Author’s  Reply 

Actually,  the  low  shock  preceding  the  upstream  separation  zone  (Fig.28)  does  notimpinge  on  the  lower  wall,  the 
shock  is  initiated  near  the  lower  wall  as  a  result  of  main  stream  flow  blockage  by  the  transverse  jet  (see  page  10-9). 
All  shock  waves  including  the  low  shock  are  captured  using  the  present  technique.  The  capturing  technique  results 
in  the  shock  being  smeared  over  several  node  points;  however,  the  jump  conditions  associated  with  each  shock  are 
satisfied  although  the  conditions  behind  the  shock  are  spatially  displaced  somewhat.  We  do  plan  at  a  later  date  to 
replace  the  present  scheme  with  a  shock  fitting  technique  (see  pages  10-18, 10-19).  The  fitting  approach  would  more 
appropriately  treat  shocks  as  discontinuities. 


I.H.Whitelaw,  UK 

In  the  first  example  you  discussed  the  flow  has  Ma  >  1  in  the  stream  and  Ma  =  0  at  the  wall.  You  solved 
parabolic  equations  throughout.  Did  you  have  any  difficulties  in  the  near  wall  region.  In  the  second  example,  you 
presented  results  and  said  that'the  “basic  flow  conditions  have  been  predicted”.  What  does  this  phrase  mean  in 
quantitative  terms,  bearing  in  mind  the  discrepancies  mentioned  earlier  by  Dr  J.M.Guirk  in  connection  with 
isothermal,  two-dimensional  jets  in  mass  flow. 

Author’s  Reply 

In  the  first  example  discussed  during  the  oral  presentation,  we  had  no  noticeable  problem  in  the  near  wall  region  of 
the  duct.  No  data  were  available  very  near  the  wall,  and  no  data  comparisons  were  attempted  there  (see  Figures  15, 
16,  17  and  18).  To  resolve  steep  gradients  near  the  wall  without  using  a  large  number  of  grid  points,  wall  functions 
were  used  to  define  fluxes  at  near  boundary  grid  points  (see  pages  10-6,  10-7).  Therefore,  the  parabolic  equations 
were  not  applied  very  near  the  wall  where  elliptic  effects  could  be  present. 

The  second  example  discussed  during  the  oral  presentations  was  intended  to  be  qualitative  as  no  data  were  available 
for  comparisons  (see  page  10-17).  The  third  example  presented  a  quantitative  comparison  of  elliptic  code  results 
with  data.  The  basic  flow  conditions  discussed  in  the  talk  and  written  paper  referred  to  the  separation,  bow,  and 
rcattachment  shocks,  and  the  recirculating  regions  lying  ahead  ofand  behind  the  shock  (see  page  10-17).  These 
phenomena  were  in  qualitative  agreement  with  experimental  observations  from  a  configuration  similar  to  the  strut 
flow  model  problem  (Fig.27). 


H.Wilhelmi,  Ge 

We  published  local  concentration  measurements  for  transverse  fuel  injection  into  supersonic  flow  (cf.  H.Wilhelmi 
and  G.Gross,  ir.-  Turbulent  Combustion,  Progress  of  Aeronautics  and  Astronautics,  LKenncdy  ed.,  New  York 
1978,  pp.3 1 1/27).  In  this  work,  it  was  shown  that  also  for  supersonic  flames  the  data  in  the  mixing  and  reaction 
region  can  be  correlated  by  a  normalized  error  function  with  a  high  degree  of  accuracy.  Smprisingly  this  even  holds 
for  regions  of  the  flow  field  that  are  crossed  by  oblique  shock  waves.  The  experimental  values  yielded  smooth 
curves  for  the  values  of  constant  concentration  with  a  steadily  increasing  half  width  of  the  jet  in  downstream 
direction.  These  results  did  not  show  the  inflection  points  and  the  maxima  given  in  Figure  32  of  this  computational 
work.  It  is  possible  that  these  differences  are  due  to  the  grid  chosen  for  the  computation,  to  the  summing  up  of 
errors  and  to  the  turbulence  model  used. . 

Author’s  Reply 

We  believe  the  inflection  point  in  the  1  percent  contour  line  of  Figure  32  is  likely  to  be  numerical  in  origin.  The 
downrunning  bow  shock  from  the  upper  injector  passes  through  the  contour  line  at  approximately  this  point.  Mild 
oscillations  of  the  dependent  variables  near  a  strong  shock  is  typical  with  the  present  numerical  techniques,  and 
these  oscillations  would  be  most-obvious  with  low  hydrogen  mass  fractions.  The  velocity  vector  also  turns  down¬ 
ward  as  it  passes  through  the  downrunning  shock,  changing  the  streamwise  component  for  hydrogen  convection. 
This  change  pay  also  affect  the  orientation  of  the  contour  line.  We  believe  that  the  maxima  present  in  the  25, 50 
and  75  percent  contour  lines  are  a  function  of  the  strength  of  the  hydrogen  jet  as  compared  to  the  strengih  of  the 
air  cross  flow.  The  maxima  were  more  pronounced  with  higher  jet  strength:1,  we  have  hot  considered  any  lower  jet 
strengths  than  those  presented  in.this  paper. 

It  is  of  course  possible  that  the  present  turbulence  model  introduces  inaccuracies  and  the  chostn  grid  may  not 
accurately  resolve  the  very  high  gradients  close: to  the  fuel  injectors.  The  turbulence  model  is  considered  only  an 
interim  solution  to  the  complex  turbulence  field  that  must  be  modelleJ.  We  are  also  considering  other  means  for 
optimizing  the  discretization  (floating  grids,  multi-grid  schemes)  and  utilization  of  the  STAR  100  vector*  computer 
ai  Langley' Research  Center  to  allow  more  modes  to  be  used. 
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SUMMARY 

The  prediction  of  radiative  heat  transfer  from  a  flame  may  be  divided  into  three  catego¬ 
ries: 


1.  the  evaluation  of  temperatures  and  radiating  species  concentrations , 

2.  the  evaluation  of  the  absorption-,  emission-  and  scattering  characteristics 
of  the  species  at  the  prevailing  temperatures, 

3.  the  evaluation  of  the  l’adiation  exchange. 

Models  falling  into  category  2  and  models  falling  into  category  3  have  been  developed. 
The  models  have  been  verified  by  comparison  with  measured  radiation  intensities  and 
measured  radiative  heat  fluxes  from  relatively  large  gas  flames. 

As  input  to  the  models  measured  temperatures  and  species  concentrations  ha.e  been  used. 
However,  the  models  are  well  suited  to  be  combined  with  each  other  and  with  prediction 
procedures  for  fluid  flow  and  combustion. 


DEVELOPPEMENT  ET  VALIDATION  DES  MODELES  DE  RAYONNEMENT 


RESUME 

La  prediction  du  transfert  de  chaleur  rayonnante  a  partir  d'une  flamme  peut  se  diviser  en 
trois  categories: 

1.  evaluation  des  temperatures  et  des  concentrations  d'especes  rayonnantes, 

2.  evaluation  des  caracteristiques  d' absorption,  d' emission  et  de  diffusion  des 
especes  aux  temperatures  regnantes, 

3.  evaluation  de  l'^change  radiatif. 

On  a  mis  au  point  des  modeles  appartenant  aux  2eme  et  3eme  categories.  Pour  valider  ces 
modeles,  des  comparaisons  ont  ete  effectuees  avec  les  resultats  des  mesures  d'intensite 
de  rayonnement  et  de  flux  de  chaleur  rayonnante  emis  par  des  flamir.es  gazeuses  de  taille 
relativement  importante. 

Les  mesures  des  temperatures  et  des  concentrations  d'especes  ont  ete  incorporees  aux  mo¬ 
deles.  Ces  modeles  peuvent  etre  combines  ensemble  et  se  pretent  bien  aux  procedures  de 
prediction  d'ecoulement  fluide  et  de  combustion. 


LIST  OF  SYMBOLS 

a  weighting  factor,  black  body  factor  in  specified  spectral  region 

a  subscript,  referring  to  absorption 

b  subscript,  referring  to  black  body  radiation 

b  collision  half  width 

bln  constant  in  polynomial 

b~  constant  in  polynomial 

b^  constant  in  polynomial 

bjjn  constant  in  polynomial 

c  n  velocity  of  light 

c  concentration  of  soot 

c  subscript,  referring  to  carbon  dioxide 

co  subscripts,  referring  to  carbon  monoxide 

f  photon  density 

gv  subscript,  referring  to  gas 

h  Planck’s  constant 

I  intensity  of  radiation  integrated  over  electromagnetic  spectrum 

I  intensity  of  radiation  at  frequency  v 

1^  intensity  of  radiation  at  wavenumber  w 

Kw  absorption/attenuation  coefficient 

k  gray  gas/ (averaged)  specific  spectral  absorption  eoelficient 

k  gray  gas/(averaged)  specific  spectral  absorption  coefficient 

m  number  of  gray  gases/number  of  spectral  regions 


m.s 

g.m 


-1 

-3 


W.sf2 

W.m_, 

W.nf^.s 

m  .bp 
m  .g 


-1 

-1 
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m  subscript,  referring  to  methane 

n  number,  referring  to  gray  gas  or  spectral  region 

n  unit  vector  in  the  direction  of  pencil  of  radiation  beams 

P  total  pressure 

p  partial  pressure 

S  integrated  spectral  absorption  coefficient 

s  subscript,  referring  to  scattering,  source  or  soot 

T  temperature 

v;  subscript,  referring  to  water  vapour 

X  length  of  column  of  gas 

x,  y,  z  Cartesian  coordinates 

z,  r,  6  cylindrical  coordinates 


a  absorptivity 

6  solid  angle 

V,  <p  spherical  coordinates 

A  indicates  small  increase/decrease 

e  emissivity 

\  wavelength  of  radiation 

v  frequency  of  radiation 

ir  3  - 1^159265^ 

E  summation  convention  „ 

o  Stefan-Boltzmann  constant,  .567  x  10" ' 

w  wave  number  of  radiation 

V  differential  vector  operator 


bar 

b§§  -1 
m  .bar 


K 

m 

m 

m,  m. 


I-* 

Wo{f2.K'!! 
m  " 


1.  INTRODUCTION 


Efficient  use  of  energy,  low  pollutant  emissions,  low  capital  costs,  while  the  process 
requirements  are  satisfied,  are  demands  on  combustion  installations.  Problems  concerning 
flow,  mixing,  combustion,  heat  flux  distributions  and  pollutant  emission  levels  have  to 
be  solved  for  an  optimum  design  of  a  burner/furnace  combination.  The  ultimate  universal 
solution  to  these  problems  can  only  be  via  the  route  of  mathematical  modelling  techniques. 
Wide  gaps  exist  in  the  computational  development  of  these  models  and  the  physical  and 
chemical  information  required.  Furnace  trials  have  been  executed  to  obtain  information 
on  the  physical  and  chemical  processes  occurring  inside  furnaces  (1,  2].  The  obtained 
information  has  to  be  generalized  via  mathematical  models.  In  this  paper  mathematical 
modelling  work  concerning  radiative  heat  transfer  will  be  reported. 

Tne  prediction  of  radiative  heat  transfer  from  a  flame  may  be  divided  into  three  catego¬ 
ries; 

1.  the  evaluation  of  temperatures  and  radiating  species  concentrations, 

2.  the  evaluazion  of  the  absorption-,  emission-  and  scattering  characteristics  of 
the  species  a£  the  prevailing  temperatures, 

3.  the  evaluation  of  the  radiation  exchange. 

In  the  present  paper  all  three  categories  will  receive  attention  both  with  respect  to 
experiments  and  mathematical  models.  However,  more  detailed  information  will  be  presented 
concerning  the  development  and  verification  of  radiation  models  falling  into  categories 
?  and  3. 

2.  TEMPERATURES  AND  RADIATING  SPECIES  CONCENTRATIONS 


Before  a  radiation  model  can  be  applied  it  is  necessary  to  evaluate  the  temperature  dis¬ 
tribution  and  the  radiating  species  concentrations  throughout  the  flame.  The  temperature 
field  and  the  concentration  fields  can  be  obtained  in  different  ways  ranging  from  the 
practical  experience  of  the  combustion  engineer  to  a  more  fundamental  approach  solving 
differential  balance  equations  for  mass,  momentum,  chemical  species,  enthalpy,  etc. 

The  latter  approach  has  been  investigated  with  varying  success  [3>  Jl>  5]-  One  can  calcu¬ 
late  furnace  performance  to  a  certain  degree  of  accuracy  for  gas  flames,  however  for 
heavy  fuel  oil-  and  coal  flames  complications  occur.  The  determination  of  the  concentra¬ 
tion  field  of  soot  particles  and  the  assessment  of  the  radiation  characteristics  of  soot 
particle  clouds  are  very  complex  subjects,  which  are  only  mentioned  briefly.  The  results 
to  be  presented  refer  to  gas  flames.  The  models,  however,  are  not  restricted  to  gas 
flames;  coal-  and  oil  flames  may  be  treated  by  these  models  without  too  great  difficul¬ 
ties. 

For  our  purpose,  the  verification  of  radiation  models,  it  is  not  possible  to  rely  on 
temperatures  and  concentrations  obtained  in  aforementioned  wa„s.  The  verification  of 
radiation  models  is  best  done  in  isolation.  Therefore  as  input  to  the  models  measured 
temperatures  and  species  concentrations  have  been  used. 

3.  RADIATION  CHARACTERISTICS  OF  CHEMICAL  SPECIES  AND  SURFACES 

Radiation  characteristics  of  the  chemical  species  in  a  flame  involve  absorption-,  emis¬ 
sion-  and  scattering  characteristics.  Lowes  and  Heap  [6]  have  shown  that  scattering  for 
scot  is  negligible  and  scattering  for  large  coal  particles  is  forward  directed.  Conse¬ 
quently  to  a  first  approximation  scattering  can  be  ignored  in  luminous  flames.  Certainly 
scattering  is  not  very  important  in  gas  flames.  Therefore  we  will  mainly  concentrate  on 
absorption  and  emission. 

The  basis  of  all  methods  for  the  solution  of  radiation  problems  is  the  equation  of 
radiant  energy  transfer,  which  is  derived  by  formulating  a  balance  on  the  monochromatic 
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radiant  energy  taken  along  a  pencil  of  rays  enclosed  within  an  elemental  solid  angle  pass¬ 
ing  in  a  specifiea  direction  through  a  small  volume  element  in  an  emitting-absorbing-scat- 
kering  medium.  This  equation  can  be  written  in  the  form  [7J: 


(n. 
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The  physical  situation  underlying  the  development  of  Ea.  (1)  is  illustrated  in  fig.  1  and 
fig.  2.  Term  (1)  represents  the  gradient  of  intensity  in  the  specified  direction;  term  (2) 
represents  the  reduction  in  intensity  due  to  absorption  within  the  volume  and  the  scat¬ 
tering  into  other  directions  of  radiation  which  is  in  the  specified  direction  upon  arrival 
at  the  element;  term  (3)  gives  the  increase  in  intensity  due  to  emission  from  the  volume; 
term  (4)  gives  the  increase  in  intensity  due  to  scattering  into  the  specified  direction  of 
radiation  which  is  incident  upon  the  volume  from  all  other  directions  assuming  isotropic 
scattering.  Eq.  (1)  will  be  further  clarified  in  subsequent  paragraphs.  Monochromatic 
radiant  energy  can  be  expressed  as  a  function  of  wavenumber  u,  wavelength  X  or  frequency  v 
They  are  related  as  x'ollows:  w  =  1/X,  v  =  c/A,  while  c  is  the  velocity  of  light. 


Although  basically  not  necessary  for  convenience  some  simplifications  will  be  introduced. 
As  specified  direction  the  x-direction  will  be  taken,  scattering  will  be  neglected  and 
k  is  replaced  by  k  ;  then  Eq.  (1)  can  be  written  as 

to3  to 


dl 


asr  =  "  V1*  +  W 


The  solution  of  this  first  order  linear  differential  equation  is 


(2) 


I  (x)  =  I(x-O)  e"ko>px  +  Xh  (1  -  e'ko,px)  (3) 

to  to  0 ,  to 

It  is  assumed  that  k  ,p  and  I.  are  constant  or  average  values  along  the  path  x.  Inte¬ 
gration  of  Eq.  (3)  over  the  eleicromagnetic  spectrum  leads  to 


CO 

l(x)  =  '  Iu(x)d« 

®  -k  px  «  k  dx 

=  '  yx-0)e  da,  ►  '  1^(1  -  e  w‘  )da,  ('»> 

Eq.  (if)  forms  the  basis  for  the  intensity  calculations  in  following  sections.  Firstly 
information  on  physical  backgrounds  will  be  given. 


The  physics  of  absoiption  and  emission  will  be  discussed  briefly.  The  absorption  and 
emission  of  thermal  radiation  is  associated  with  transitions  between  energy  levels  of  the 
atoms  or  molecules  that  constitute  the  gas.  Electronic,  vibrational  and  rotational  tran¬ 
sitions  of  the  molecules  from  excited  energy  levels  to  lower  energy  levels  result  in 
emission  of  radiation  and  radiation  is  absorbed  when  the  transition  occurs  to  higher 
energy  levels.  At  the  temperatures  of  interest  in  studies  of  radiant  heat  transfer  in 
combustion  systems,  vibration-rotation  transitions  in  the  infrared  frequencies  make  the 
most  significant  contribution  to  the  observed  radiant  energy  flux.  The  unit  of  energy 
released  or  absorbed  when  an  energy  level  transition  takes  place  is  the  photon.  Each 
photon  carries  an  energy  of  hv  in  which  h  is  Planck's  constant  and  v  is  the  frequency  of 
radiation.  The  molecular*  arrangements  of  gases  is  such  that  the  number  of  vibrational 
degrees  if  freedom  available  is  limited  and  in  order  to  satisfy  the  fixed  energy  require¬ 
ments  for  a  change  in  excitation,  transitions  can  only  occur  at  discrete  frequencies. 


The  fundamental  quantity  characterising  radiation  is  the  photon  density  f  ,  which  may  be 
defined  as  the  number  of  photons  per  unit  volume,  moving  forward  within  tne  solid  angxe  dg, 
and  in  the  frequency  interval  between  v  and  v  +  dv.  The  spectral  intensity  I  being  the 
amount  of  energy  transported  per  unit  time,  unit  area,  unit  solid  angle  and  iinit  frequency 
interval  is  often  used.  The  intensity  of  emission  at  a  particular  frequency  due  to  an 
excitation  level  transition  is  proportional  to  the  number  of  molecules  occupying  the 
vibrational-rotational  level  corresponding  tc  the  frequency  and  the  probability  that  the 
transition  will  take  place. 


Because  of  the  complexity  of  the  evaluation  of  the  intensity  associated  with  each  fre¬ 
quency  experimental  determination  is  necessary.  The  monochromatic  intensity  from  a  column 
of  gas  of  partial  pressure  p  and  length  x=X  equals: 


-k  dx 

'  h.J1  -  e  > 


(5) 


where  I.  is  the  blac.t  body  intensity  at  the  considered  wave  number  and  k  the  spectral 
(specific  attenuation  (absorption)  coefficient.  The  monochromatic  intensity  I  is 
dependent  upon  the  gas  temperature  (as  I  is  a  function  of  T  ),  partial  pressure  (con¬ 
centration  of  radiating  species)  and  path’ length,  and  the  spectral  absorption  coefficient. 
The  spectral  absolution  coefficient  is  dependent  on  gas  temperature.  The  spectral  absorp¬ 
tion  coefficient  can  be  considered  as  one  of  the  fundamental  properties  of  a  gas  as  far 
as  radiation  is  concerned  and  it  is  the  manner  in  which  k  varies  over  the  spectrum  which 
determines  the  total  gas  emissivity  and  absorptivity. 


The  discrete  nature  of  the  available  energy  transition  frequencies  leads  to  emission  over 
very  narrow  frequency  intervals  and  is  known  as  line  emission.  No  spectral  line,  however, 
is  truly  monochromatic  but  consists  of  a  distribution  of  intensity  within  a  small  but 
finite  frequency  interval.  If  a  number  of  emission  lines  are  spaced  closely  together. 
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they  may  in  some  cases  overlap;  then  they  cannot  be  considered  in  isolation.  Radiation 
from  overlapping  lines  is  known  as  band  radiation.  Although  such  bands  are  composed  entire¬ 
ly  of  absorption-emission  lines,  the  discrete  band  structure  is  commonly  ignored  by 
averaging  over  frequency  intervals  which  include  many  lines. 

The  transition  from  one  energy  level  to  a  lower  level  ideally  occurs  at  a  single  frequency 
but  in  practice  the  emission  line  is  broadened  and  spreads  over  a  range  of  frequencies 
about  the  transition  frequency.  There  is  a  natural  line  width  that  is  the  result  of  Heisen¬ 
berg's  Uncertainty  Principle  (natural  line  broadening),  while  broadening  of  lines  can  be 
caused  further  on  by  the  perturbation  of  energy  levels  due  to  collision  (collision  broad¬ 
ening)  and  the  thermal  motion  of  the  emitting  and  absorbing  species  relative  to  the  ob¬ 
server  giving  a  shift  in  the  apparent  frequency  (Doppler  broadening).  Of  these  mechanisms 
collision  broadening  is  the  dominant  broadening  mechanism  for  most  furnaces  and  combustion 
chambers  but  Doppler  broadening  becomes  important  at  low  pressures  such  as  those  encountered 
in  rocket  engine  exhaust  plumes  at  high  altitude;  see  Hottel  and  Sarofim  [8] . 

The  distribution  of  absorption  coefficient  about  the  line  wavenumber  m  is  given  for  a 
collision  broadened  line  by  Penner  [9],  Tien  i 10]  and  Hottel  and  Sarofim  [8], 

kw  =  f  (w  -  (0or  +  bc‘  (6) 

where  S  is  the  area  under  the  k  -  w  curve  for  the  broadened  line  and  is  called  the  inte¬ 
grated  line  intensity;  and  b  is  the  collision  half  width  for  the  line,  fixing  the  posi¬ 
tion  at  which  k  falls  to  half  its  maximum  value, 
u 

The  intensity  of  radiation  leaving  a  volume  of  gas  due  to  emission  from  a  single  line  can 
be  found  by  integration  of  the  spectral  intensity  over  the  entire  spectrum. 

»  -k  pX 

1  =  o  hj'  -  e  “  )dw  <?> 

In  most  gases  of  practical  interest  the  emission  lines  do  not  occur  in  isolation,  but  are 
spaced  so  closely  together  that  the  broadened  lines  overlap  to  »  considerable  extent.  When 
a  number  of  lines  overlap  the  specific  absorption  coefficients  are  additive,  and  the  con¬ 
tribution  to  the  intensity  of  radiation  from  the  entire  band  can  be  found  by  integration 
between  the  frequency  limits  of  the  band. 
o)2  -kMpX 

*  *  ,  ,,<*  -  e  “  )du  (8) 


1  ’  i,  h.J1  -  e  )d“  «*> 

The  spectral  absorption  coefficient  k  represents  the  sum  of  the  absorption  coefficient* 
from  the  considered  lines  at  the  wave“nun*ber 

The  total  gas  emission  can  be  found  by  integration  over  the  entire  spectrum.  The  total 
emissivity  of  a  gas  at  temperature  T  is  equal  to  the  ratio  of  the  emission  by  a  gas  layer 
of  length  X  to  the  black  body  emission  at  temperature  Tg. 

00  -k  (t  )px 

o  Xb  u)(V(1  -  e  8  Idu 

e  =  -°  .  b»M— -  =  f  (T  ,pX)  (9) 


l  It,  .  (T„)dw 
o  b,m'  g 


In  a  similar  way  the  Uual  gas  absorptivity  can  be  evaluated,  but  in  this  case  the  distri¬ 
bution  of  energy  in  the  spectrum  is  related  to  temperature  at  which  the  intensity, 
absorbed  in  a  certain  gas  layer,  is  emitted, 
co  -k  (T  )PX 

'  Ib  AMI  ■  e  8  ]dw 

Og  =  ■  ?  — - - =  r  (Tg,Ts,pX)  CIO) 

L  It,  (T„  )dm 
0  '0,0)  s 

where  I.  , %(T  '  is  emitted  at  a  source  temperature  T  and  the  spectral  intensity  is  depen- 
dent  on!>tW source.  3 

In  Eq.  (10)  C.  is  considered  to  be  due  to  a  black  body  emitter.  However,  the  source 
does  not  have°to  be  a  black  body  (or  gray  body).  The  intensity  can  be  due  to  e.g.  a  gas 
layer  having  a  certain  composition-  and  temperature  distribution.  The  absorptivity  then 
becomes: 

00  -k  (T_)pX 

*  y  (T  ) (1  -  e  w  e  ]dw 

=  °  *  S"V» - * -  =  f  (Tg,Ts>PX)  (11) 


1  I  (T  )dw 
o  ojv  s' 


Now  the  source  temperature  does  not  have  to  be  a  constant  but  can  be  a  temperature  uistri- 
bution.  The  distribution  of  the  spectral  intensity  can  be  very  complex  in  this  case. 

A  number  of  models  have  been  proposed  to  avoid  the  problem  of  formulating  the  attenuation 
coefficient  as  a  complex  function  of  wave  number.  The  purpose  has  been  to  provide  a  model 
of  the  relative  spacirg  and  intensity  of  lines  in  a  band.  Such  a  ^el  combined  with  a 
suitable  description  of  the  line  broadening  function  leads  to  an  analytical  solution  of 
the  intensity  of  radiation  from  a  band.  Among  the  proposed  models  axe  the  Elsasser,  the 
Mayer-Goody  or  statistical  model,  and  the  box  moctel  developed  by  Tenner  [9].  More  informa¬ 
tion  about  these  models  can  be  found  in  Johnson  [41] ,  Tien  [10]  and  Hottel  and  Sarofim  [8]. 

A  fundamental  approach  tf  the  emission/absorption  problem  must  take  account  of  the  spectral 
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nature  of  gas  radiation,  but  the  problems  involved  in  handling  the  spectral  properties  of 
the  gas  mixtures  are  enormous,  so  in  many  cases  the  problem  is  handled  by  using  measured 
total  radiation  properties.  Total  water  vapour  emissivity  and  carbon  dioxide  emissivity 
charts  in  which  information  from  several  sources  is  used  are  presented  in  Hottel  and  Saro- 
fim  [8].  Johnson  [11]  discusses  these  charts  and  mentions  more  recent  publications  in  which 
the  regions,  where  the  above-mentioned  charts  are  less  accurate,  are  indicated.  However,  at 
the  moment  the  recognized  standards  for  evaluating  total  emissivities  of  water  vapour  and 
carbon  dioxide  are  these  charts.  Hadvig's  charts  [12]  for  total  emissivities  of  water 
vapour/carbon  dioxide  mixtures  are  based  on  the  charts  in  Hottel  and  Sarofim  [8].  Lee  and 
Happel  [13]ha.re  measured  emissivities  for  methane.  Hottel  and  Sarofim  [8]  present  a  chart 
on  the  total  emissivity  of  carbon  monoxide  based  on  the  measurements  of  Ullrich  [14]. 


In  furnaces  the  gases  normally  are  composed  of  two  or  more  radiating  components.  For  a  mix¬ 
ture  of  two  gases  the  total  emissivity  equals: 

“  -(k  .p.  +  k  ,p,)X 

l  I.  ri  -  e  <0’1  1  u’2  2  ]du 

n  n  .  h\ L  J 


'1+2 


o  xb,oil 


'  IK 

o  b,w 


*  -k  .p.X  -k  „p,X  -k  -p-X  -k 

o  Tb,J(1  "  e  1  )  *  (1  ~  e  M’2  2  )  -  (1  -  e  w,:1  1  )(1  -  e  w’2  2  )]dw 


=  el  +  e2  ~.  Ael+2 


L  K  ,£<» 

o  b,w 


(12) 


The  emissivity  of  a  mixture  of  two  gases  is  equal  to  the  sum  of  the  emissivities  of  the 
two  gases  minus  a  con  action  for  spectral  overlap.  If  there  is  no  spectral  overlap  the 
correction  factor  equals  zero. 


Fig.  3,  taken  from  Johnson  [11],  presents  an  idealized  distribution  of  gas  spe  ral  ab¬ 
sorption  coefficients  for  H-0,  C0-,  CO  and  CH;,.  It  can  be  seen  that  overlap  occurs  in  some 
parts  of  the  spectrum  so  corrections  are  necessary.  It  should  be  realized  that  the  absorp¬ 
tion  bands  are  composed  of  series  of  spectral  lines  close  together  and  that  these  spectral 
lines  are  affected  by  temperature  as  can  be  seen  in  fig.  4,  which  is  based  on  Lee  and 
Happel  [13],  The  spectral  absorptivity  for  the  2.37  pm  band  for  methane  i„  shown  in  this 
figure.  For  the  absorptivity  o  (see  Eq.  10)  of  a  mixture  of  carbon  dioxide  and  water  vapour 
an  approximate  evaluation  can  ue  made  by  using  the  relations  given  by  Hot -el  and  Sarofim 
[8]. 

°c  <VTs>pX)  8 


c+w 


m  0.65 

m 

ec 

(T„,pX  =£) 

(13) 

s 

6 

*  0-"5 

T 

</> 

(TS,PX  ifr) 

(14) 

s 

8 

Aac+w 

(15) 

Aa  is  the  correction  factor  for  spectral  overlap.  These  absorptivity  formulations  can 
becu2ed  if  the  radiation  intensity  is  black  body  radiation  from  a  surface  at  T  .  However, 
in  a  watercooled  furnace  with  low  wall  temperatures  the  radiation  from  furnaceswalls  is 
negligible  and  all  the  radiation  within  the  enclosure  is  from  gas  radiation,  which  is  not 
by  any  means  black  body  radiation. 


Combining  Eqs.  (4),  (9)  and  (11)  for  X  =  x  one  arrives  at 
»  -k  px  »  -k  px 

I(x)  -  *  I  (x=0)  e  “  dm  +  '  I.  (1  -  e  u  )du 

0  <"  oo  0  bcbW 

=  (1  -  a  )J  I  (x=0)dw  +  e  1  I.  dw 
v  g'o  wv  '  g  o  b,w 

=  (1  -  a  )  l(x=0)  +  e  Ih 

S  S  cT! 

=  (1  -  ag)  l(x=0)  +  eg  (16) 

So  the  intensity  I(x)  in  x-direction  is  composed  of  a  transmitted  fraction  of  I(x=0) 
through  the  layer  x  plus  a  part  emitted  in  ohe  layer  x.  In  Eq.  (16)  I.  is  the  integrated 
black  body  intensity  of  the  gas  at  temperature  T  ,  while  o  is  the  Steran-Boltzmann  constant. 
When  the  intensity  l(x=0)  originates  from  a  surface,  as  is  often  the  case,  one  needs  to 
know  the  radiative  properties  of  the  surface. 


The  radiant  energy  interchange  within  enclosures  is  affected  by  the  radiative  properties 
of  the  surrounding  walls.  To  analyze  the  process  within  a  furnace  enclosure  it  is  necessary 
to  know  the  emission,  reflection  and  absorption  properties  of  the  walls  as  the  temperature 
level  and  -distribution  in  the  gas  volume  is  affected  to  some  extent  by  these  properties, 
while  the  heat  transfer  and  heat  transfer  distribution  to  cooling  loads  are  strongly  in¬ 
fluenced  by  these  properties.  Only  radiation  properties  of  black  bodies  are  well  estab¬ 
lished.  The  walls  in  furnaces  normally  do  not  behave  like  black  bodies.  The  emissivity  of 
furnace  walls  and  tubes  is  a  function  of  direction  (angle  of  emergence),  wave  length  and 
temperature;  the  imp-rtanee  of  these  parameters  is  influenced  by  the  surface  condition. 
Factors  like  roughness,  oxide  layers  and  physical  and  chemical  contamination  are  used  to 
describe  the  surface  condition. 


The  electromagnetic  theory  can  be  used  for  a  fundamental,  approach  to  the  radiative  proper¬ 
ties  of  surfaces.  However,  the  surface  has  to  to  very  well  defined  for  a  theoretical 
treatment;  it  has  to  be  optically  smooth,  physically  and  chemically  clean  to  allow  a  pre¬ 
diction  of  the  monochromatic  reflectance  in-  the  specular  direction  to  be  made.  Furnace 
walls,  and  tubes  are  .normally  not,  well  enough  defined  for  a  theoretical  treatment;  -deposits 
of  combustion-  products  on  the  walls,  change  the  characteristics  of  the  walls  during  opera¬ 
tion.  Measured  data  have  to  be  used  to  obtain  the- necessary  knowledge  about  the  surface 
behaviour.  For  metallic  surfaces  the  emissivity  falls  down  with  wave  length;-,  the  emissivity 
of  iron  and  steel  can  vary,  from, above  .8  to  below  .05  between  .2  and  10  pm.  Refractory 
materials  can  have  a  strong  variation  of  emissivity  with- wave  length;,  several  minima  and 
maxima  can  appear  over  the  spectrum.  .The  angular  distributions  of  emissivity  for  metallic 
and  refractory^niaterials  are  not  the  same.  For  small  angular  inclinations  relative  to  the 
normal  on- -the  surface  the  emissivity  of  metallic  surfaces  is.  quite  constant;  with  increas¬ 
ing  angles  -the  emissivity  increases  quite  sharp  and  the  emissivity  falls  down  to  zero  when 
the  inclination  angle  approaches  90°-.  Refractory  materials  show  a  slight  decrease  in 
emissivity  for  inclination  angles  between  0°  and  60°;  for  higher  angles  the  decrease  is 
sharper  with  the  emissivity  approaching  zero  when  the  inclination  angle  equals  90!  . 

Although  quite  a  lot  of  information  on  surface  radiation  is  available  in  the  literature 
e.g.  in  Perry  [15], ,  Sparrow. and  Cess  [16],  and  Hot'tel  and  Sarofim  [8],  hot  very- much  is 
known  concerning  the  radiative .behaviour  of  furnace  walls  under  combustion  conditions, 
normally  one  relies  on- total  (integrated  over  the  spectrum)  hemispherical  (integrated 
over  all  angles  in  an  hemisphere)  emissivities  obtained  from  the  literature.  For  iron  and 
steel  with  different  surface  -conditions  values-  between  .07  and  .97  can  be  found.  The 
emissivities  of  refractory  materials,  of  which  trie  grain  structure  is;  an  important  para¬ 
meter,  vary  between  .,25  and  . 95-  The  effect  of  wall  temperatures  on  the  absorption 
coefficient  for  different  furnace  wall  materials  is  shown  in  fig.  5;  taken  from  van  Kuijk 
and  Spanjers  [17] • 

Toor  and  Vis.kanta  [18,  19]  have  studied  the  effect  of  radiative  properties-  of  surfaces  on 
the  radiant  heat  transfer  Between  surfaces.  They  conclude  that  for  an  accurate  prediction 
of  local  irradiation  the  directional  characteristics  must  be  considered  while  calculation 
of  the’  irradiation  on  a  non-gray  basis  does  not  yield  improved  results  over  a  gray  ana¬ 
lysis.  In  furnaces- these  conclusions  could  loose' their  validity  to  some  extent  as  between 
the  Walls  gases  radiate;  The  gas  radiation  is  strongly  dependent  on;  wave  length,  so  the 
absorptivity  of  the  walls  in  the  spectral  regions,  where  gas  emission  is  high,  can  be  very 
important.  In  analyzing  the  radiative  heat  transfer  Within  a  furnace  enclosure,  the  total 
emissivity' of  refractory,  surfaces,  is  normally  assumed  to  be  about  .5  while  the  total 
emissivity  of  steel  tubes  is  assumed  to  be  above  .8. 

As  will  be  clear  from  this  section  for  practical  emission/absorptioh  models  one  needs  to 
simplify;  This  will  be  done  in  the  next  section. 

1).  EMISSION/. ABSORPTION'  MODELS 

In  this  section  a  number  of  emission/absorption  models,  for  the-  prediction  of  radiation  in¬ 
tensity  will  be  developed. 

•A:  Gray  gas  models 

If  the  variation  of  the  absorption  coefficient  K(=kp)  with  specti.i  position,  partial 
pressure  and  temperature  is  neglected  and  a  mean  value  for  the  .absorption  coefficient  K 
is  used;  Eq.  (16)  can  be  written  as 

-Kx  aT**  -Kx 

I(y-);  -  l(x=0)  e  +  — f-  (1  -  e.  )  (17) 

In  the  gray  gas  model  the  emissivity  equals  the  absorptivity 
-Kx.  -kpx 

e  .  -  -a  =  1  -  e  =  i  —  e  (18), 

g;  g 


The  gray  gas  model  calculates  measured  .....is si ties  correctly,  only  it  one  value  of  pressure 
paf.hiexigth  px.  The  choice  of  the  absorption  coefficient  K  has  tbjbe  based  on  the  combustion 
prompts  (in  our  experiments  from  natural  gas),  the  iverage pathlength .<( furnace  dimensions) 
and- gas.  temperatures.  The, i 'chosen -values  are  given  in  tabl.o  <1,. 

table  If  constants  of  gray  gas  models  for  the  products,  of  methane  combustion 

K .  0.1  0.2  .  0.3 

B;  One  clear/ two  gray  gas  model 


A'  better  way  to  represent  .the  emissivity  of  a  real  gas  is  to-  take  the  sum  of  the  weighted 
emissi-’ities  of  one  clear* and- two  gray  gases  instead  of  using  one  gray  gas. 


:)  3  rk„px 

e  =  e  =  a  (T  )(1  -  -e  *'*  .) 
g  n=l-’  g,n  -n=l  g-,;n  '  g7'*  ' 


With,  as  chosen  by  Johnson  [11] 


(20) 


11-7 


The  weighting  factor  a  can  be  considered  as  the  quotient  of  the.  spectral  black  body 
intensity  integrated  oVSr  the  wave  number  region  where  k  =  k  (=  constant)  and  the  spec¬ 
tral  black  body  intensity  integrated  over  .the  complete  spectrum-.  Then 


£  „  a  - 
n-1  g,n 


1, 


(21) 


and  Eq.  (19)  follows  from  Eq.  (9)  and  Eq.  (16)  can  be  written  as  the  sum  of  three  intensi¬ 
ties,  each  representing  a  part  of  the  spectrum; 

.  .  ii 

3  3  .  ~k,pX  "k  DX  O'11,, 

Kk)  =  „£,  I»<X)  =  [!„<*=<»  o  -  *  ag>  ,(TS)(1  -  e  )  (22) 


n*l 


The  factors  of  table  II  have  been  determined,  by,  Johnson  [li]  such  that  Eq.  (19)  closely 
fits  to  measured  emissivity/pressure  pathlength  relationships  f,or  the  combustion  products 
of  methane  combustion.  The  emissiviti.es  based  on  measurements  are  given  in  Hadyig's  charts 
[12];  99  data  points  have  been  used. 


table  II:  constants  of  one  clear  /.two  gray  gas  model  for  the  products  of  methane  combustion 


n 

bln 

'  y"5 

kn 

1 

+  .255 

+  .260 

0 ;  00 

2 

+  .500 

-.157 

1.83 

3 

+•.,245 

t.103 

32.30 

The  clear  gas  with  k  =  0.00  corresponds  to  the  weakly-  and  non-absorbing  parts  of  the 
spectrum.  The  partial  pressure  p  has  to  be  taken  as  the  sum  of  the  partial  pressures  of 
the  radiating  gases  (mainly  carbon  dioxide  and;  water  vapodr) . 


With  this  model  the  maximum  discrepancies  between,  emissivities  using  Eq.  (19)  and  measured 
emissivities  amount  about  lO#  for  partial  pressu  pathlengths  (px's)  between  .02  and 
1.5  bar.m.  Due  to  the  clear  gas  the  maximum  emis.iyities  at  infinite  pathlength  for  tem¬ 
peratures  between  1000  and  2000  K  are  restricted- to.  too  low  values.  The  maximum  emissivi¬ 
ties  are  on  average  lower  than  the  measured"  emissivities  at  a  pressure  pathlength  of 
1.2  bar.m,  while  at  this  pressure  pathlength  Eq.  Xl9)  underpredicts  emissivities  by  about 
10%.  This  means  that  the  model  with  the  constants  of  table  II  becomes  increasingly  inaccu¬ 
rate  if  the  mean  pathlength  is  larger  than  *1  in  for  a  natural  gas  flame  with  a  partial 
pressure  of  carbon  dioxide  and  water  vapour  of  roughly  0.3  bar.  For  large  furnaces  the 
model'  seems  to  have  deficiencies. 


C:  Four  gray  gas  model 

A  more  accurate  calculation  of  emissivities,  can  be  obtained  with’the  following  formulations 


*  +k  px 

e„  =  JC  a,  „  (T  Hi  -  e  n  ) 


"g  .n-1  g.n  'V 


2  V 

a  =  bA,  +  bu  T  +  b,  T  +  b.,  TJ 
g,n  in.  2p  g  3n  :g  4n  g 


(23) 

(24) 


We  have  chosen  a-,  larger  number  of  gray  gases  and  -a  higher  order  of  the  polynomial  than 
before  to  ascertain  that  the  emissivity.  can  be  determined  very  accurate.  The  clear  gas 
has  been  dropped  to  prevent  the  aforementioned  problems  at  longer  pathlengths.  The  con¬ 
stants  'of  table  III  have  been  determined  by  fitting  Eq.  (23)  against  the  same -measured 
emissivity  data  as  used,  for  the  previous  model. 


table  III:  constants 

of  four 

gray  gas  model 

for  the  products  of 

methane  combustion  „ 

n 

blnv 

.  b2„‘?°3  . 

b3n-10° 

"  b»n'loil" 

.  ..  kn  •  , 

1 

+  .218 

+  .283 

+  .065 

-.026 

0„  106 

2 

+  :,535 

-.240 

+  .009 

+  .002 

1.653 

-3 

+  ;1-31 

+  .089 

-.127 

+  .032 

21.212 

4 

+.;  116 

1-32 

+  .053 

-.008 

146.308 

■■ 

-  -  i  *•  >  -  - 

The  fit  was  made,  over  the  temperature  range  of  1000-2000  K  and-  'a  jprrtial  pressure  pa/h- 
length  range  of  0.003  -  1.2  bar.m.  The.  emissivity  calculation  ,,s  very  good:  as  the  average 
deviation  from  measured  emissivities  is  less' than  1%  over  t ;ne  above  ranges. 


In  table  IV  the  weighting  factors  and  the  absorption  coefficients  are  given  for  the  four 
gray  gases. 


table  IV:  weighting  factors  and  absorption  coefficients  of '  i’our  gray  gas  model  fl7r  the 
products  of  methane  combustion 


1000  K 

1200  K 

1400  k 

1600  K 

1800  K 

2000  K 

4.000  -  2000  Y 

ai 

.540900 

.607500 

.672000 

.733100 

.789600 

.840200 

k.  .IO6165 

a2 

.304100 

.261200 

.219300 

.178300 

.139300 

.101360 

kp  1 . 6528( 0 

■& 

. 124900 

.109900 

.093870 

.078390- 

.064960 

.055120 

21. 2120  JO 

-3 

H 

.029980 

.021390 

.014810 

.009851 

.006139 

.003296 

kjj  146.308COO 
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Radiation- intensities  can  be  calculated,  using  Eq.  (22)  with,  n  from  1  to  '4;. 

D:  Spectral  model 

Representing  a  real  gas  by  a  series  of  gray  .gases  for  emission/ absorption  purposes  misre^ 
presents  some  physical  realities.  The  wave  length  range  in  which  emission  occurs  and  the' 
monochromatic  emissiori/attenuation  coefficients  vary  with  gas  temperature.  Some  radiation 
emitted  at- (high  temperature  cannot  be  attenuated  by  gas  at  ’-a;  lower  temperature.  The  change 
in  monochromatic  emission/attenuation  coefficients  with  temperature  means  a  gray  gas  asr 
sumption  over  a  temperature  range  is  not  valid.  Total  emissivity  data  are  used  to  find 
a  _  and  k„;  k  is  forced  to  be  constant  over  the  ’./hole  temperature  range  between  1000  and 
2660  K.  Ifnthenmonochromatic  absorption  coefficients  vary  with  temperature,  the  weighting 
factors  a  and; specific  absorption  coefficients  k  do  not  have  to  be  valid  in  exactly  the. 
same  spectral  regions  for  different  temperatures.  Or  the  division  of  the  spectrum  in  four 
parts  does  not  have  to  represent-  the  same  parts  of  the  spectrum  for  the  different  tempera¬ 
tures;  Figures  given  by  Edwards  and  Balakrishrian  [20'].  suggest  that  this  could  have  consid¬ 
erable  effect  on  the  absorption  of  gas  radiation  coming  from  a  source  at  a  different  tempe¬ 
rature.  To  avoid  these  problems  it  is  possible  to  divide  the  electromagnetic  spectrum  in 
discrete  parts  arid  to  obtain  averaged  monochromatic  absorption  coefficients  In  these  parts 
of  the  spectrum. 

The  division  of  the  spectrum  we  decided  to  use  is  given  in  table  V. 


table  V:  Division  of  electromagnetic  spectrum  in  water  vapour  and  carbon  dioxide  bands  of 
increasing  strength 

n  =  1  :  0.0  -  2.6111  pri;  2,7778  -  3-7778  pm,  5.5556  -  5-7222  ym, 

6. 9444  -ll.llii  ym,  50.000  -  »  .ym 

n  =  2  :  2.6111  -  2. ,7778  ym,  3-7778  -  3., 9444  ym,  4 . 7778  -  5.5556  ym, 

5.-7222  -  6.9444  ym,  11.1111  -  3.4.6667  ym,  31.1111  -  50.0000  ym  . 

n  =  3  :  3-9444  -  if. 2222  ym,  If -3889  -  if. 7778  ym,  i'f . 6667  -  31.1111  ym 

ri  •=  if  if. 2222  -  if. 3889  ym 


The  (Spectral  region  for  n  =  If  contains  the  strongest  absorbing  part  of  the  if. 3  ym  COp. band; 
n  =  3  Contains  weaker  absorbing  parts  of  the  if. 3  ym  CO-  band  and  the  strongest  absorbing 
parts  'of  the  20  ym  HpO  band  with'  a  ;part  of  the  overlapped-  15  ym  COp  band;  n  =  2  contains 
the  strongest  part  or  the  2.7  ym  C02  and  HpO  overlapped  bands,  weak  absorbing  parts  of  the 
if. 3,  ini  COp  band,  the  strongest.' part^of  the4^^  ym  HpO  band,  weaker  parts  of  the  .15  ym  C02 
(and;  20  ynrHo0  bands  (partly  overlapped);  finally  n  -  1  contains  the  wings  of  some  of  the^ 
abiye-fnentioned  bands  plus  some  less  important  bands  like  the,  1.1  ym,  1;38  ym,  1.87  ym  HpO 
bands  and  the  1 . if  ym,  1.6  ym,  2..0  ym,  7;5  ym,  9-4  ym  and  10. If  ym  COp.  bands.  Wo- replace  tne 
monochromatic  absorption  coefficients  in  each  of  the  four  regions  by  an  average  value  at  a 
fixed  temperature.  Eq.  (9)  can  now  be  written  as 


,n-£l  f1 


-k  (T  )px 
e  n  g  ] 


%  Ib.u(-g)  di0 
du 


(250 


Both-- integrals  are  only  functions  of  temperature,  so 

w^  I.  (T_)  dw 
a-  (t  )  -  — 2 - 

rr  n  '  cr '  co 


g,n'  z 
and 


I  I.  (T  )  dw 
o  b,o'g 


e  =  £,.  a  (T  )  [1  r  e 

g  n-1  g,nv  g/  1 


*kn(VP*] 


(26) 


(27) 


Eg.  (27)  looks  similar  to  Eq.  (23).  However,  k  (T  )  is  now,  a  function  of  temperature  and 
;a„  (T  )  is  found  by  specification  of  spectralnregions-..  The  integrals  of  Eq.  (26)  have 
be^R  evaluated  with  tabulated  black  body  fractions  in  Siegel  and  Howell  [21]  and  the 
'  averaged  monochromatic  absorption  coefficients'  have  beeri  calculated  by.  a  least  squares 
method  substituting  tptal  emissivity 'data  in  Eq,  (27)-.  The  results  are  given  in  table  VI. 

table  VI:  Black  body  factors  and  absorption  coefficients  of  spectral  model  for  the -products 
of  methane  combustion 


1030  K 

1200  K 

1400  K 

1600  K 

1800  k 

2000  K 

a1 

a2 

a  l 

-547850 

.289640 

.135250 

.027260 

.627500 

.239080 

.109820 

.023600 

.696030 

,196290 

.088080 

.019600 

.752100 

.161200 

.070650 

.016050 

.797030 
,132870 
.056970 
;  013130 

.832690 

.110150 

.046390- 

.010770: 

% 

..,117358 

1.599540- 

19.881100 

182.959000 

.129552 

1  .'674640 
20.564600 
130.647000 

,127525 

1.787490 

20.503700 

104.457990 

.118370 

1.803700 

.20.851900 

71.579170 

.108990 

1.77.9150 

20.223200 

6 2.205950 

.101752 

1.584270 

23^.533700 

25.195700 
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Although  it  is  riot  known  whether  the  division  of  the  spectrum  in  the  chose, »  4  regions  is 
the  best  possible  subdivision,  it  is  apparent  from  the  above  results  that  the  averaged 
monochromatic  absorption  coefficients  are  increasing  with  increasing  n  like  one  would  ex¬ 
pect.  Further  on  the  averaged  monochromatic  absorption  coefficients  vary  strongly  with 
temperature.  Exact  polynomials  are  used  to  express  the  black  body  factors  and  the .averaged 
monochromatic  absorption  coefficients  as  a  function  of  temperature.  These  polynomials  for 
a  and  k  have  been  substituted  in  Eq.  (2?).  The  average  deviation  of  the  emissivities  cal¬ 
culated  with  Eq.  (27)  from  Hadvig's  [12]  99  data  points  is  less  than  1%.  Comparing  table  IV 
and  table  VI  it  appears  that  the  order  of  magnitude  of  the  weighting  respectively  black 
body  factors  and  absorption  coefficients  agree.  This  indicates  that  the  choice  of  the 
spectral  regions  for  the  spectral  model  is  quite  good. 

Radiation  intensities  can  be  calculated  in  the  same  way  as  with  the  four  gray  gas  model. 

E:  Spectral  model  for  mixtures  of  gases  and  soot 

The  models  developed  in  previous  paragraphs  are  suited  to  be  used  for  methane  and  natural 
gas  flames.  Similar  models  with  different  weighting  factors  or  black  body  factors  and  abr 
sorption, coefficients  can  be  developed  for  oil'  flames.  Johnson  [11]  and  Beer  and  Claus  [22] 
have  shown  some  results  indicating  such  an  approach  is  possible.  However,  these  models  are 
limited  in  their  application  as  they  always  refer  to  the  combustion  gases  of  one  fuel. 


A  general  model  to  calculate  the  emissivity  of  mixtures  of  gases  and  soot  will  be  proposed. 
The  model  will  be  valid  for  mixtures  containing  methane  (m),  carbon  monoxide  (co),  carbon 
dioxide  (c),  water  vapour  (w),  etc.  and  soot  (s).  A  similar  approach  will  be  followed  as 
for  the  previous  spectral  model. 


The  emissivity  can  be  written 
m 
e 


S 


n-i  ag,n^Tg^  ^  "  e 


- K-  i  ( dompos it ion , P , Tg ) x 


(28) 


with 


Kn  = 


„(Pm>Pj'OP™ 
m,n  m  ’  g  rm 


+  kco,n^pco,P,Tg^pco 


kc,n<pc’P’VPc 


k  „(p,,iP,T_)p„ 
w,n  w  gw 


+  kg  n(particle  properties)^ 


(29) 


The  absorption  coefficient  K_  is  found  by  adding  the  contribution  of  the  components- methane, 
carbon  monoxide,  carbon  dioxide,  water  vapour  and  soot.  The  specific  absorption  coefficient 
k  for  a  gas’ may  be  a  function  of  composition  (partial  pressure  p),  total  pressure  P  and 
gas  temperature  T  .  The  composition  of  the  remainder  of  the  gas  has  some  effect  on  the  ab¬ 
sorption  coefficient  for  one  gas  component  as  different  species  of  colliding  molecules 
affect  the  line  half-width;.  However,  normally  the  effect  of  the  composition  of  the  remain¬ 
der  of  thb  gas  is  negligible.  The  pressure  dependency  of  the  averaged  monochromatic  speci¬ 
fic  absorption  coefficients  is  included  as  the  emissivity  of  a  gas,  at  a  fixed,  value  of 
pressure  path  length  px  is  dependent  to  some  extent  oh  partial  and  total  pressure.  However, 
these  effects  are  quite  small  under  normal’  furnace  conditions.  In  Eq.'(27)  the  specific 
absorption  coefficient  applies  to  -a  mixture  of  gases  with  a  constant  ratio  between  t!  . 
partiax  pressures  of  these  components.  The  pressure  p  equals  the  sum  of  the  partial  pres¬ 
sures  of  these  components;  In. Eqs.  (28).  and  (29)  each  component  is  treated  independently. 


The  procedures  to  obtain  the  black  body  factors  and  the  averaged  monochromatic  absorption 
coefficients  are  the  same  as  for  the  previous  spectral  model..  However,  these  procedures 
have  to  be  executed  for  each  radiating  gas  component  and  for  soot,  while  the  division  of 
the  electromagnetic  spectrum  has  to  take  account  of  the  radiative  behaviour  of  all  the  com¬ 
ponents  as  a  function  of  wavelength.  Dependent  on  the  required  accuracy  of  the  model  the 
number  of  spectral  regions  can  be -extended. 

For  water  vapou*  and  carbon  dioxide  the  spectral  division  of  ta  ,le  V  can  be  used.  In  table 
•VII  the  spectra'?’  division  for  methane  is  given. 

table  VII:  Division  of  electromagnetic  spectrum  in  methane  bands  cf' increasing  strength 

n  =  1  :  0.0  -  2.3419  pm,  2.4096  -  3.1056  jim,,  3,67^  -  ,7.f423  pm,  8.7336  -  »  pirn 

n  =  2  •:  2.3419  -  2.4096  pm*  3.105.6  -  3-1646  pm,  3v_  *£1  -  3.6?65  pm; 

7,0423  -  7-1429  pm,  ;8.4459  -  8. 7336  . pm 

n  =  3  ?  3J-l646  -  3-5971  pm~,  •?,  1429> -'  8. 4459  pm 


The  strong  absorbing  parts  of  the  3-31  pm  and  the  7.65  pm  band  are  in  the  .spectral  region 
n  =  3-  Weaker  absorbing  parts  of  the  same  bands  and  the  strongest  absorbing  part  of  the 
2.37  pin ’band  are  in  the  spectral  region  n  =  2,,  while  the  remainder  of  the  spectrum  is  in 
the  spectral  region  h  =  1.  Together  with  the  4  spectral  regions  of;  table  V  for  carbon 
dioxide  and  water  vapour  emission  the  number  of  spectral  regions  for  COp/HlO/CHj.  emission 
increases  strongly.  A  limitation  of  the  number  of  spectral  regions  can  be  romkTby  taking 
into  account  the  spectral  division  for" C0?/H?0  emission  for  the  CHh  division  of  the  spec¬ 
trum  as  shown  in  table  VIII.  da  h 

table  VIII:  Rearranged  division  of  electromagnetic  spectrum,  in  methane’ bands 

n  =  1  :  0.0  -  2.7778  pirn,  3.7778  -  6.9444-  pm;  11.1111  r 
n  =  2  :  2. 7778  -  3-777?  pm,  6.9444  -  11.1111  pm 


»  pm 
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The  combination  of  the  *1  spectra!  regions  for  CO^/H-O  emission  with  the  2  spectral  regions 
for  CHj,  emission  results  in  5  spectral  regions  for  COj/KjO/CHn  emission.  The  absorption 
coefficients  for  methane  can  be  determined  with  the  u3e  of  total  emissivity  data-  based  on 
Lee  and  Happel  [13]  by  a  least  squares  procedure. 

The  division  in  spectral  regions  for  carbon  monoxide  is  given  in  table  IX. 

table  IX:  Division  of  electromagnetic  spectrum- in  carbon  monoxide  bands  of  increasing 
.strength 

n  =  1  0  -  J4. 494^1  pm,  4.8193  -  “  pin- 

n  =  ,2  :  4.4 944  -  4.8193  pm 


The  strong  absorbing  part  of  the  4.67  pm  band  is  in  the  spectral  region  n  =  2,  while  the 
weaker  absorbing  parts  of  the  same  band  together  with  the  2.3  pm. 'band  and  the  remainder  of 
the  spectrum  are  in  the  spectral  region  h  =  1.  A  distribution  for  carbon  monoxide  which 
fits  into  the  spectral  regions  chosen  for  COg/HgO  emission,  is  given  in  table  X. 

table  X:  Rearranged  division -of  electromagnetic  spectrum  in  carbon  monoxide  bands 

n  =  1  :  0  -  4.3889  pm,  4.7778  -  »  pm 
n  =  2  :  4.3889  -  4.7778  pm 


The  absorption  coefficients  can  be  found  agai  i  by  a  least  squares  procedure  using  a  chart 

for  the  total  emissivity  of  carbon  monoxide  presented  by  Hottel  and  Sarofim  [8]  based  on 

the  measurements  of  Ullrich  [14] . 

The  spectral  regions  for  H20  and  C02  emission  together  with  the  distribution  for  CHj.  and  CO 
emission  that  give  the  minimum  number  of  spectral  regions,  results  into  the  subdivision  of 
the  electromagnetic  spectrum  as  given  in  table  XI. 

table  XI:  Division  of  electromagnetic  spectrum  in  bands  of  different  strength  of  methane, 
carbon  monoxide,,  carbon  dioxide  and  water  vapour 

n  =  1  .:  0.0  -  2.6111  pm,  5.5556  f  5.7222  .pm,'  50.000  -  «  pm 

n  =  2  :  2.6111  -  2.7778  pm,.  3-7778  -  3.9444  pm,  4.7778  -  5-5556  pm, 

5-7222—  6.9444  pm,  11.1111  -  1,4.6667  pm,  31-1111  -  50.0000  pm 

n  =  3  :  2.7778  -  3.777,8  pm,  6.9444  -  i3,.lll!l  pm 

n  =  4  :  3.9444  -  4.2222  pm,  14.6667-  -  ri.llll  pm 

n  =  5  :  4.2222  -  4.3899  pm 

n  =  6  :  4.3899  -  4.7778  pm 


The  black  body  factors  in  the  spectral  regions  of  table  XI  can  be  found  from  tabulated 
black  body  functions  and  the  averaged  spectral  absorption  coefficients  in  each  spectral 
region  for  each  separate  gas  component  can  be  determined  by  a  least  squares  procedure  using 
total  emissivity  d,ata.  For  carbon  dioxide  and  water  vapour  total  emispivity  data  are  pre¬ 
sented  in  Hottel,  ar.d  Sarofim  [8,]. 


For  soot  radiation  one  needs  to  determine  the  soot  concentration  in  the  flame  and  the  speci¬ 
fic  absorption  coefficient  for  soot.  For  experimental  conditions  on  laboratory  scale  it  is 
difficult  to  obtain  absorption  coefficients  to  a'  good  accuracy;  the  problems  are  much  bigger 
if  one  wants  to  obtain  absorption  coefficients  for  fuel  oil  or  pulverized  coal  flamet  in 
furnaces-,  As  the  particle  properties  are  complexly  related  to  fuel  type  and  mixing  history 
the  variation  of  these  properties’ throughout  the  flame  is  normally  not  known.  However,  soot 
radiation  can  be  included  in  the  presented  model.  The  soot  absorption  coefficients  have  to 
be  determined  for  the  wave  length  regions  of  table  XI.  Soot  absorption  coefficients  vary 
3trongly  with  wave  length.  Johnson  [11]  discusses  work  from  several  authors  on  soot  radia¬ 
tion.  Kunitomo  [23]  reports  that  soot  emission  is-  mainly  affected  by  the  soot  concentration 
and  the  soot  particle  size  and  the  soot  formation  is  influenced  greatly  by  the  excess  air 
factor-,  the  kind  of  burner  and  the  fuel  type  for  a- range  of  liquid  fuel  flames. 


Radiation  intensities  can: be-  calculated  using  an  equation  similar  to  Eq;  (22). 


i(«  =  J,  i„<*>  =„l,iy*;o)  ,'V 


+  a  (T  )(!• 
g,n>  g  ' 


(30) 


Emissivity  data  to  test  Eq,  (28)  is  available  both  on  gases  with  one  radiating  component 
and  radiating  gas  mixtures  of:  different  composition  [8,  12,  13,  14]. 


Experimental  information  to  test  Eq;  (30)  is  available  in  Michelf elder  and  Lowes  [1]  for 
gas  flames'  with  methane,  carbon  monoxide,  carbon  dioxide  and  water  vapour  in  the  combr.Lticn 
gases  and  for  luminous  oil  flames  with  mixtures  of  radiating  gases  and  soot. 


5.  RADIATION -HEAT  EXCHANGE  MODELS 

The  basis  for- radiation  heat  exchange  is  the  equation  of  radiant  energy  transfer  Eq.(l). 
This  equation  has  to,  be  integrated-  over  the  electromagnetic  spectrum  to  find  the  energy 
transfer  in  one  direction.  For  the  heat  exchange  in  a  flame  all  directions  at  each  point 
have  to  be  considered.  Therefore  Eq.  (1)*  must  be  integrated  over  all  solid  angles  (4tr  pte- 
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radians)  in  addition  to  integration  oyer  all  wavelengths.  In  this  paper  we  will  discuss  a 
number  of  different  techniques  for  the  evaluation  of  radiation  heat  exchange.  The  mathema¬ 
tical  details  will  not  be  presented  as  these  are  available  in  refs.  [24  -  30].  The  verifi¬ 
cations  we  will  present  later  on  refer  to  axi- symmetrical  systems.  Therefore  we  mainly 
restrict  oursblv'es  to  axi-symmetrical  models. 

AA:.  Zone  method 

The  Zone  method  developed  by  Hottel  and  Cohen  [31]  is  a  method  in  which  the  furnace  chamber 
and  walls  are  divided  in  several  zones.  The  exchange  between  each  zone  pair  is  calculated 
from  the  equation  of  radiant  energy  transfer.  So-called  exchange  areas  are  available  from 
tables  [8]..  The  exchange  areas  refer  to  fixed  zone  sizes-  fop  a  constant  absorption  coeffi¬ 
cient.  Therefore  the  Zone  method  cannot  easily  be  combined  with  a  spectral  emission/absorp- 
tioh  model  in  which  absorption  coefficients  vary  with  temperature.  If  one  wants  to  change 
the  zone  size  one  needs  to  change  the-  exchange  areas  as  well.  Coarse  zoning  is  a  problem 
associated- with  the  Zone  method.  In  principle  the  Zone  method  is  not  limited  to  coarse 
zoning,  however,  the  calculation  of  exchange  between  -a  large  number  cf  zones  as  would  be 
necessary  for  direct  coupling  of  the  Zone  method  with  a  prediction  procedure  for  fluid 
flow  and  combustion  renders  the  Zone  method  computationally  undesirable.  The  Zone  method 
is  considered  a  very  accurate  method  when  the  zone  sizes  are  small  and  the  absorption 
coefficients  are  constant  throughout  the  furnace.  Johnson  [il]  developed  a  computer  pro¬ 
gramme  for  the  Zone  method  in  which  t*ie  furnace  has  been  divided  in  3  radial  and  !,'■  axial 
zones.  The  programme  can  be  used  with  the  emissioh/absorption  models  A,  B  and  C  of  the 
previous  section. 

BB:  Two-flux  Schuster-Schwarzschild  model 

In  a  flux  model  the  exact  integro-differential  equation  (=  Eq.  (1)  integrated  over  al. 
wavelengths  ahd  all  solid  angles)  of  radiant  energy  transfer  is  replaced  by  approximate 
differential  ones.  Schuster  [32]  and.  Schwarzschild  [33]  developed  a  two-flux  model  in 
Cartesian  coordinates.  We  developed:,  a  model  in  cylindrical  coordinates  [28]  .  It  is 
assumed  that  the  intensity  I  in..  Vig.  2  is  constant  over -£he  upper  hemisphere  (O<0<  5) 
and  constant  over  the  lower  hemisphere  (5  <0  <  t).  A  discontinuity  in  the  intensity^dis.- 
tribution  occurs  at  the  interface-  between  6ptfi  hemispheres.  Two  partial  differential 
equations  are  obtained  by  integrating  Separately  oyer  the  upper  and  lower. hemisphere.  These 
•differential  equations  are  normally  solved  as  ordinary  ones  by  standard  finite  difference 
techniques.  One  obtains  -radiant  heat  fluxes  in  positive  and  negative  radial  direction  at 
the  chosen  gridpoints  in  the  furnace  volume  and  at  the  furnace  walls.  The  production  of 
radiative  heat  per  unit  volume  can  be  calculated  as  well  at  each  grid  point.  These  radia¬ 
tive  heat  production  terms  enter  the  differential  energy  balances,  in  which  convective, 
diffusional  and  radiant  heat  fluxes  are  considered  simultaneously,  as  source  terms  ox’ 
energy.  Therefore  this  model  is  weli  suited  to  be  combined  with  prediction  procedures  for 
fluid  flow  and  combustion.  The  same  is  true  for  the  following  models.  All  the  emission/ 
absorption  models  of  the  previous  section  can  be  used  in  combination  with  this  and  the 
following  heat  exchange  models.  The  boundary  conditions  at  walls  are  formulated  as:  leaving 
flux  is  equal  to  emissiyity  of  wall  times  black  body  emissive  power  of  wall  plus  reflec¬ 
tivity.  of  wall  tines  arriving  flux.  At  the  axis  of  an  axi-symmetrical  Turnace  system  the 
net  flux  equals  zero..  These  boundary  conditions  can  be  written  for  eaoh  gas  of  for  each 
spectral  region  of  the  applied  .emission/absorption  model. 

CC:  Two-flux  Milne-Eddington  model 

The.- procedure  to  obtain  the  equations- for  the  Milne-Eddington  model  [34  >  35]  differs  from 
the  procedure  for  the  Schuster-Schwarzschild  model.  Gibson  and  Manahan  [36]  derived  the 
two-flux  equations  in  cylindrical  coordinates.  The  equations  for  both  tworflux  models  are 
vei;y  similar,.' 

DD:  Pour-flux  model 

The  reasons  for  our  development  of  a  four-flux  , model  are: 

T;  the  possibility  to  calculate  radiant  heat  fluxes  in  the  axial  direction,  which  is 
important  to  account  for  the  axial  temperature  gradients  in  a  flame, 

2.  a  better  description  of  the  intensity  distribution  arpund  a  point  can  be  made,  which 
Will  lead  to  a  more  accurate  calculation  cif  the  heat  fluxes; 

The  intensity  around-  a  point  is  assumed  to  be  constant  over  n  steradians  in  respectively 
(see  fig.  2)  positive  radial  direction,  negative  radial  direction,  positive  axial  direc¬ 
tion  and  negative  axial  direction.  Pour-partial  differential  equations  are  obtained  by 
integrating  tte  equation  pf  transfer  over' a  steradians  -separately  for  each  coordinate 
direction.  For  it  lie  solution  procedure  use- has  been  made  of  a  central  finite  difference 
scheme.  As  the -’equations  are  coupled  to  some  extent  the  solutions  are  obtained  itera¬ 
tively.  Radiant  heat  fluxes  in  the  four  coordinate  directions  are  obtained  at  the  chosen 
grid  points. 

,EE,:'  Six-flux  model 

The  two-  and  flur-flux  models  have  been  developed  for  axi-; symmetrical  systems.  For  a 
Cartesian  system  a  six-flux  model  is  needed  to  calculate  the  heat  fluxes  in  the  six 
(positive  and  negetiye)  coordinate  directions.  The  intensity  around  a  point  is  assumed, 
to  be  constant  over  4  y  stem.dians  in  each,  coordinate-  direction.  Six  partial  differen¬ 
tial  equations  are  obtained-  L'j  integrating  the  equation  of  transfer  separately  for  each 
coordinate  direction.  In  this  model  several  improvements  compared  to  the'  previous  flux 
models  have  been  included.  In  the  two-  and-  four- flux  models  the  partial  differential 
equations  aiw  solved  'as  .ordinary  ones.  Then  no  proper  account  is  taken  of  the  direction 
of  travel  of  individual  radiation  beams  contributing  to  the  heat  flux  in  a  certain 
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direction.  In  the  six-f-lUx, model  the  heat  flux  in  a  point  is  a  function  of  all  the  radiation 
beams  through  this  point.  Even  if  the  major  heat  transfer  is  in  an  oblique  direction  rela¬ 
tive  to  the  main  coordinate  lines  no  special  problems  occur.  The  most  favourable  finite 
difference  scheme  can  be  chosen  dependent  on  step  sizes,  (distances  between  grid  points) 
and  absorption  coefficients'.  Of  course  similar  improvements  could  be  incorporated  in  the 
two-  arid  four-  flux  models,  but  we  decided  to  develop  the  next  model. 


PF:  CID-5  model 

A  limitation  in  the  flux  models  is  the  assumption  about  the  intensity,  distribution  around 
a  point;  The  solid  angle  of  An  steradians  is  divided  into  a  number  of  smaller  solid  angles 
in  which  the  intensity  is  constant.  Then  discontinuities  in  the  intensity  distribution 
exist  at  the  interfaces  between  the  smaller  solid  angles.  However,  within  a  flame  the  dis¬ 
crete  radiation  beams  form  more-  dr  less  a  continuous,  pattern  as  a  function  of  the  spherical 
angles’.  For  the  CID-5  model  we  assume  a  continuous  intensity  distribution;  5  parameters 
are  needed  in  an  .axi-symmetrical  system.  In  ref.  [2F]  it  is  proven  .that  the  chosen  distri¬ 
bution  can  approach  practical  intensity’  distributions  better  than  is  possible  with  the  ? 
four-flux  distribution.  The  solid  ahgie  of  Am  steradians  is  integrated  separately  over 
steradians  in  each  coordinate  direction,  namely  positive  and  negative  radial,  axial  and' 
tangential  direction.  Six  partial  differential  equations  are  obtained.  Because  of  symmetry 
two  of  these  are  identical..  In, ;the  CID-5  model  many  of  the  improvements  mentioned  for  the 
six-flux  model  have  been  incorporated.  As, cylindrical  systems  are  much  complexer  than 
Cartesian  systems  some  of  .the  directional  effects  have  been  omitted. 

GG:  CID-6  model 

The  same  intensity  distribution  as  for  the  CID-5  model  can  be  used  to  build  a  radiation 
heat  transfer  model  that  is  valid  in  a  three-dimensional  furnace  where  the  coordinate 
system  is  Cartesian.  In  this  model  all  the  directional  effects  mentioned  for  the  six-flux 
model  can  be  incorporated. 

6.  EXPERIMENTS 

Flames  from  simple  burner  geometries  are  produced  with  natural  gas,  propane  and  fuel  oil  in 
an  approximately  cylindrical'  furnace  with  an  equivalent  diameter  of  2.22  m  and  a  length  of 
6.29  m-  These  flames,  of  .which  a  number  combust  throughout  the  length  of  the  furnace, 
produce  steep  axial  and  radial  temperature  and  concentration  gradients,  which  should 
strongly  test  any  radiation  model.  Two  of  the  gas  flames  investigated  will  be  used  for  the 
verification  of  the  radiation  models.  In  fig.  6  the  flame  shapes  of  both  flames  are  shown. 
The  first  flame  is  a  jet  flame  with  a  length  of  approximately  A. 3  m.  In  this  flame  the  gas 
temperatures  vary  between  350  K  and  1600  K  with  several  minima-  and  maxima  in  axial  and 
radial  direction.  As  well  steep,  concentration  gradients  are  produced,  The  second  flame  is 
a  short  bulbous  flame,  almost  completely  burnt  out  within  0.5  m  from  the  burner  tip,.  For’ 
this  flame  the  gas  temperatures  vary  between  1000  K  and  1800  K.  The  steepest  gradients  in 
gas  temperature  and  concentrations  occur  close  to  the  burner.  The  thermal  input  of  both 
flames  is  about  3  MW. 

Measurements  of  the  heat  flux  to  17  cooling  loops  are  taken  for  a  large  number  of  flames. 

In  addition  for  each  of  the  flames,  measurements  are  made  of  hemispherical  radiation  flux 
to  the  walls,  intensity  of  radiation,  gas  and  wall  temperature,  .concentration  of  chemical 
species  and  solids,  flow  field,  etc.  The  incident  radiation  flux  at  the  furnace  wall  is 
measured  by  a  hemispherical  radiometer,,  which  is  traverseci-\at  the  furnace  wall  along  the 
flame  axis.  The  hemispherical  radiometer  accepts  radiation  fiom  a  hemisphere  ( 2n  stera¬ 
dians),  while  the  narrow  angle  radiometer  accepts  radiation  from  only  approximately 
0.000007m  steradians;  The  latter  instrument  is  traversed  in  steps  across  the  flame  through 
the  flame  axis.  The  measurements  of  radiation  intensity  start  with  the  narrow  angle  radio- 
meterlooking  from  a  short  distance  at  a  target  of  high  emissivity.  By  withdrawing  the 
radiometer  from  the  target  more  flame  gases  are  -between  the  radiometer  and  the  target .  At 
several  positions  along  the  length  of  the-  flame  traverses  are  made  through  the  flame.  The 
radiation  intensities  are  caused, by  flame  radiation  when  a  cold  target  is  used  and  by 
target  radiation  in  addition  to  ,flame  radiation  when  a  hot  target  is  used.  Full  details 
about  the  trials  and  the  measurements  are  available  in  ref;  [1],  In  subsequent  sections 
relevant  experimental  results  will -be  presented. 

7.  VERIFICATION  OF  EMISSION/ABSORPTION  MODELS 

A  first  test  on  the  emission/absorption  models  is  predicting  measured  emissivities..  In 
fig.  7  the  results  are  shown;  The  gray  gas  models  (A)  are  hot  accurate;  the  dependency  of 
emissivity  on  gas  temperature  is  not  predicted.  The  one  clear/two  gray  gas  model.  (B) 
becomes  increasingly  inaccurate  at  pressure  path  lengths  above  0.6  bar.m.  Deyiations  above 
10?.  exist  at  pressure  path  lengths  higher  than  1.2  bar.m.  The  four  gray  gas  model  (C)  and, 
the  spectral  model  (D)  predict  measured  .pmissivities  very  accurate; 

A  second  test  on  the  emission/absorption  models  is  the  agreement  found  comparing  calculated 
and  measured  radiation  intensities.  The  intensity  calculations  are  started’ at  the  target, 
where  the  intensity  equals  the  black  body  intensity  of  the  target;  A  stepsize  x  of  0.1  m 
is  taken  and -after  each  calculation  x=0  in  Eqs.  (17)  and.  (22)  is  moved  by  the  stepsize.  So 
complete  traverses  of  intensity  are  obtained  "from  the  target  through  the-  flame  axis  to  the 
opposite  wall.  In  fig.  8  distributions  of  temperature  and  partial  pressures  at  a  distance 
of  2.035  m  from  the  burner  wall  are  shown  for  flame  I  of  fig.  6.  In  figs.  9  and  10  intensi¬ 
ty  predictions  are  compared  with  measurements.  In  fig.  11 -distributions  of  temperature  and 
partial  pressures  at  a  distance  of  0.319  m  from  the  burner  wall  are  shown  for  flame  If  pf 
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fig.  6.  In  fig-.  12  intensity  predictions. are  compared  :,with  measurements.  Fig.  13- shows 
predicted  and  measured  intensities  for  flame  II  at  4 . 25  m  from  the  burner  wall,  where  the 
distributions  of  temperature  and  concentrations  are  rather  flat.  Many  more  intensity  pre¬ 
dictions  have  been  made  using  models  A,  B,  C  and  D  [28],  The  gray  gas  models  (A)  are  not 
very  accurate;,  they  do  hot  predict  the  correct  shape  of  the  measured  intensity  distribu¬ 
tions.  The  one  clear/two  gray  gas  model  (B),  the  four  gray  .gas  model  -(C)  and  the  spectral 
modei  (D)  do  not  differ' much  in  accuracy;  Very  severe  tests  oh  these  models  in  regions 
with  steep  temperature-  and  concentration  gradients  demonstrate  that  deviations  up  to  J|0? 
between  the  model  predictions  and  the  measurements  can  occur.  The  larger  deviations 
develop  when  the  predictions  have  progressed  beyond  the  flame  axis,  which'  indicates  that 
absorption  of  radiation. emitted5 at  high  temperatures  is  not  correctly  predicted' when  the 
absorption  occurs  at  low  temperatures.  With  the  models  B,  C  and  D  accurate  predictions  are 
obtained,  when  the  temperature  and  concentration  distributions  are  rather  uniform. 

8..  VERIFICATION  OF  RADIATION  HEAT  EXCHANGE'  MODELS 

Ir.  figs.  14  and  15  predictions  of  incident  radiative  heat  flux  at  the  wall  are  compared  with 
experimental  results.  The  CID-r5  model  produces  quite  good- results  for  flame  I  of  fig.  "6.  In 
fact  the  same  is  true  for  the  Zone  .method' and  the  four-flux  model.  It  is  surprising  that 
the  inaccurate  gray  gas  models  and  the  mere  accurate  one  clear/two  gray  gas  model  produce 
similar  results.  However,  gas  volume  elements  contribute  to  the  wall  heat  fiux  in  different 
ways  as  is  indicated  by  figs.-  9  and  10.  For  flame  II  of  fig.  6  the  predictions  of  wall  heat 
fluxes  are  shown  in  fig.  15  for  the  Zone  method  and  the  four-flux  model.  The  larger  levia- 
tions  between  measurements  and  predictions  occur-  over  the  first  part  of  the  firnace  near 
the  burner  end.  However,  in-  this  part  of  the  furnace  the  intensity  predictions  deviated 
as  well  from  the  measurements*  so  probably  the  deviations  of  fig.  15  are  caused  by  the 
emission/ausorption  model  applied. 

As  the  comparisons  between  measurements  and  predictions  are  hot  conclusive  about  the  accu¬ 
racy  of  the  heat  exchange  models  theoretical  investigations  have  been  executed.  A  numerical 
solution  and  an  exact  Bessel,  function  solution  of  the  two-flux  Schuster-Schwarzschild 
equations  agree.  The  two-flux  models,  the  four-flux  model  and  the.CID-5  model  have  been 
compared  with  the  Zone  method  for  theoretical  test  cases  for  which  the  Zone  method  produces 
accurate  heat  fluxes  [-28] .  To  summarize  these  investigations  one;  can  state: 

-  two-flux  models  do  not  predict  accurate  radial  :heat  fluxes  of  flames  with  steep  axial 

gradients  ■ 

-  the  four-flux  model  is  more  accurate  than  the  two-flux  models 

-  the  CID-5  model  is  more  accurate  than  the- four-flux  model 

-  the  two-flux,  four-flux  and  CID-5  models  can  easily,  be  combined  with  prediction  procedures 
for  fluid  flow  and-  combustion 

-  the  CID-5  model  accurately  predicts  local  radiative  heat  production 

-  the  CID-5.  model  and  the  Zone  method  are  of  comparable  accuracy,  however,  the  Zone  method 
is  problematic  in  combination  with  a  prediction  procedure  for  fluid  flow  and  combustion, 
in  combination  with  a  spectral  model  for  emission/absorption  and  in  flames  with  high 
absorption  coefficients. 

9.,  CONCLUSIONS 

Several  emission/absorption  models  have  been  developed  and  verified.  The  one  gray  gas  models 
are  inaccurate,  while  the  one  clear/two  gray  gas  model  is  inaccurate  at  higher  pressure 
pathlengths-  The  four  gray  gas  model  and  the  spectral  model  predict  measured  emissivities 
very  accurately.  When  no  steep  gradients  in  temperatures  and  concentrations  exist,  the  one 
clear/two  gray  gas  model,  the  four  gray  gas  model  and-  the  spectral  model  predict  measured 
radiation  intensities  from  relatively  large  gas  flames  accurately.  The  deviations  between 
measured  and  predicted  intensities  increase  when  the  gradients  become  steeper,  which  is 
attributed  tc  less  accurate  prediction  of  absorption  in  low  temperature  regions  of  radia¬ 
tion  emitted  in  high  .temperature  regions  of  the  flame.  We  recommend  our  spectral  model,  as 
it ‘is  based  more  on  fundamentals  than  the  other  models.  A  spectral  model  for  mixtures  of 
gases  and  soot  is  proposed,  which  can  be  used  for  flames  with  any  composition  of  radiating 
components,  '  ^ 

A  number  of  radiation  heat  exchange  models  for  cylindrical  systems  have  been  developed  and 
verified  yhile  for  Cartesian  systems  models  have  been  developed.  Two-flux  models  do  not 
predict  accurate  radial  heat  fluxes  for  flames  with  steep  axial  gradients.  The  CID-5  model 
predicts  heat  fluxes  quite  accurately..  The  four-flux  model  is  slightly  less  accurate.  The 
CID-5  model  and  the.  Zone  method  are  of  comparable  accuracy,  however,  the  Zone  method  is 
problematic  in  combination  with  a  prediction  procedure  for  fluid  flow  and  combustion,  in 
combination  with  a  spectral  model  for  emission/absorp.tion  and  in  flames  with  high  absorpr- 
tion  coefficients.  The  flux-  and  CID-modeJls  can  easily  be  combined  with  prediction  proce¬ 
dures  for  fluid  flow  and  combustion.  The  C'ID-5  model  accurately  predicts  local  radiative 
heat  production;  The  deviations  between  measured  and  predicted  heat  fluxes  can  be  partly 
ascribed  to  the  emission/absorption  model  applied.  For  Cartesian  systems  >a  six-flux  model 
and  a  C.ID-6  model  are  proposed,  in  which  some  .definite  improvements  above  the  two-  and 
four-flux  models  have  been  incorporated.  Similar  improvements  have  been  introduced  in  the 
CID-5  model’; 

The  information  in  this  paper  is  not  only  relevant  with  respect  to  furnace  flames,  but  as 
well  for  radiation  neat  exchange  in  flares,  fires,  buildings  and  the  atmosphere^ 
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Fig.i  ;  Radiant  .energy  balance  in;  a  specified  direction 


Fig.2.'  Coordinate  systems  defining  position 
and  direction  of  intensity _ 
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Fig.3 ;  Idealized  distribution  of  spectral  absorption  coefficients 
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DISCUSSION 

C.H.Priddin,  UK 

You  mentioned  briefly  the  Zone  type  method,  but  dismissed  it  because  of  the  difficulty  in  combining  it  with  a 
finite-difference  code.  There  are  conditions  where  radition  can.be  “decoupled”  from  the  flow,  and  compatibility 
is  then  no  problem.  Would  you  recommend  the  use  of  Zone  methods  in  this  situation? 

Author’s  Reply 

The  following  problem  areas  can  be  mentioned  with  respect  to  the  Zone  method: 

-  coupling  with  finite  difference  procedure  causes  difficulties 

-  not  well  suited  for  complex  furnace  geometries 

-  for  high  absorption  coefficients  as  occur  jn  practical  flames  very  small  zone  sizes  are  needed 

-  for  flames  with  temperature  gradients,  small  isothermal  zones  are  needed 

-  when  a  large  number  of  small  zones  is  used  computer  time  and  storage  will- be.  high 

-  not  flexible  when  zone  size's  are  to  be  changed 

-  when  absorption  coefficients  vary  over  furnace  volume  exchange  areas  cannot  be  determined  accurately;  this 
makes  the  Zone  method  less  suited’ for  flames  with.soct,  for  flames  with  concentration  gradients  and  in  combina¬ 
tion  with  spectral  emissiori/absorption  model  for  flames  with  temperature  gradients. 

If  the  above  mentioned  problem  areas  do  not  exist  the  Zone  method  can  be  recommended.  The  Zone  method 
produces  accurate  heat  fluxes  for  certain  well  defined  theoretical  test  cases.  Then  the  Zone,  method  can  be  used  as  a 
standard' for  the  flux  and  CID  models. 

However,  if  the  problem  areas  do  exist  I  would  recommend  to  consider  radiation  heat  exchange  models  of  the  finite 
difference,  type.  But  then  one  has  to  take  advantage  of  the  full  capacities  of  the  latter  models,  which  in  practice  is 
often  neglected. 

A.K.Varmsf;  US 

In; turbu|ent  flames  there  are  significant  interactions  between  the  radiation  emission  and  absorption  and  the 
turbulent  fluctuations  of  temperatures  and  species. 

Have  you  considered  taking  these  effects  into  account? 

(Author’s  Reply 

The  differences  between  measurements  arid  predictions  of  intensities  have  been  investigated:  One  of  the  possible 
reasons  for  the  differences  are  temperature  and  concentration  fluctuation  effects.  Temperature  and  concentration 
both  affect  emission  (e  a  T4) ,  but  as  the  effect  of  temperature  and  concentration  on  emissivity  e  is  small  compared 
to  thoeffect  of  temperature  on  T4 ,  temperature  is  the  most  important  parameter  for  the  emission.  When  tempera¬ 
ture  rses  emissivity  falls  down  which  will  reduce  the.effects  of  fluctuations  on  emission. 

We  assumed  that  the  temperature  at  a  poirit  on  aMraverse  varies  between  the  minimum  and  maximum  measured 
temperature  on  that  traverse.  A  stepwise  variation  from  a  maximum  value  via  the  average  value  to  a  minimum  value 
is  used  in  such  a  way.  that  the  temperature  is  25%  of  the  time  on  the  maximum  value,  50%  of  the  time  on  the  average 
value  and  25%  of  the  time  on  the  minimum  value.  The  ratio  oetween  (T4)  average  and  (Taverage)4  has  been 
calculated  for  all  the  traverses.  One  would  expect  the  above  strong  temperature  fluctuations  only  in  the  regions  of 
steep  teihperature  gradients  in  axial  and  radial  direction.  Only  on  a  small  part  of  the  measured  traverses  the  emission 
will  increase  significantly.  The  predicted  intensity  can  be  a  few  percent  higher  if  tempeature  fluctuations  are  taken 
into  account.  Fluctuations  do  not  explain  the  larger  deviations  between  measurements  and  predictions  of  intensity. 
As  well  fluctuations  do  not'explain  the’systematic  behaviour  of  these  deviations;  measurements  are  below  the  pre¬ 
dictions  at  the  axis  of  the  flame  while  at  the  wall  the  measurements  are  far  above  the  predictions. 


J.B.Michel,  Ne 

Can  CID  type  model  predict  the  spectral  distribution  of  radiative  intensity  and  if  yes,  do  you  envisage  comparisons 
With  measured, spectral  data? 

Author-’!*  Reply 

In  principle  the  spectral  emission/absorption  model  can  predict  spectral  intensities.  However  the  absorption  coeffi¬ 
cients  have  been  determined  using  measured  totalyintegrated  over  tfj  spectrum)  emissivity  data.  With  gor  nough 
spectral  information  the  spectral  model  can  be  tested  and  if  necessary  optimized. 

However  the  CID  models  predict  heat  fluxes,  which  are  intensities  integrated.with  respect  to  solid  angle.  The  CID 
models  can  be  coiribined  with  spectral  emission/absorption  models.  These  combinations  can  be  used  to  predict 
spectral  radiative  heat  fluxes. 

We  envisage  comparisons  with  measured  spectral  data  only  when  enough  (financial)  interest  exists. 


F.C.Lockwoqd.UK 

In  our  work  with  l’Air  Liquide,  France,  on  oxygen  enriched  flames  we  have  found  that  the  existing  grey  plus  clear 
gas  correlations  for  the  absorption  coefficient  are  riot  satisfactory  at  the  very  higbfemperatures  we  experience.  Do 
you  know  of  a.correlatidnwalid  up  to,  say  2800  K? 

Author’s  Reply 

The  weighting  factors  and  the  absorptiqn.coefficients  for  the  oneclear/two  grey  gas  model  and  the  four  grey  gas 
model.have  been  determined  using  measured  total  emissivrtydata  (as  given  in  literature)  for  the  temperature  range 
from-1000  to  2000  K.  -For  the  spectral  riiodel-tiie- black  body  factors  are; based  on  black  body  functions.  The 
absorption  coefficients  are  based  again  on  measured  total  emissivity  data. 

Some  weigh  ang  factors  of  the  one  clear/two  grey  gas  model  arid  the  four  grey  gas  model  go  negative  at  2800  K, 
which  is -physically,  unrealistic.  Thereforethe  constants  of  Tabic  II  and  IH.would  need  to  b'e  adjusted  for.higher 
temperature  levels:. 

For  the  spectral  model  these'problems  do  not  exist.  The'black  body  factors  are  always  positive.  As  a  first  approxi¬ 
mation  the  information  in:  Table  VI  could  be  used  to  calculate  emissivities  at  2800  K.  A  better  solution  is  to  extend 
Table, -VI  to,  say,  2200, 2400, 2600  and  2800  K. 

The  black  body  factors  and  absorption  coefficients  can  then  be  expressed  in  polynomials  in  a  similar  way. as  in  the 
paper. 


12-1 


Assessment  of  an  approach  to 

THE  CALCULATION;, OF  THE  FLOW.  PROPERTIES 
OF  SPRAY-FLAMES 

by  ’  . 

Y.E1  Banhawy  and  J.H.  Whitelaw 
-Mechanical  Engineering  Department ^  Fluids  Section, 
Imperial  College  of  Science  .and, Technology,  LONDON,  U.K. 


ABSTRACT 

A  method  for  the  calculation  of  the  local  properties  of  spray,  flames  is  described 
briefly  and  its  capabilities  and.  limitations  appraised  by  comparing  calculated ‘ results 
with  measurements.  'The  method  solves  elliptic  differential  equations  representing  the 
conservation  of  mass, (  momentum,  enthalpy  and  species’ concentrations  in  finite  difference' 
form.  In  addition,  .Lagrangian  equations  for  the  droplet  motion  and  thermal  balance  are 
solved  for  finite  ranges  of  droplet  size.  A  two-equation  turbulence  model;  a  combustion 
model  based  on  moan imass-rfraction  equations  for  fuel  and  oxidant  and  a  four-flux  radiation 
model  are  used;  The  droplet  model  assumes  that  the  evaporating  droplets  act  as  distri¬ 
buted  point  sources  of  fuel  vapour.  The  merits  of  the  method  are  quantified  by  comparison 
with-  measurements  obtained' for  three  diff(  rent  spray  flame  geometries.  The  assumption  of 
representing  the  spray  by  a  finite  number  of  size  ranges  has  been  also  examined- in  the 
present  work ..-and  the  results  indicate  that  the  importance  of  this  number  is 
related  to  the  spray  type  and  the  aerodynamic  features  of  the  flow  close  to  the  spray. 


NOMENCLATURE 

Cp  specific ‘heat  under n constant  pressure  ;(J/kg°K) 
i  stoichiometric  oxygen  requirements 

k  turbulent  kinetic,  energy  (m2/s2) 

Kf  thermal  conductivityi-of  gases  (J/m°K,;kg) 

L  fuel  latent  heat  of  vaporization  (J/kg) 
fuel  mass  fraction 
mQX  oxygen  mass  fraction 

*”min  I1,ini®ura  value  of  mfu  and  i^i 

nip  mass  of  droplet  (kg) 

T  temperature  (°K) 

TSAT  fuel  saturation  temperature  (oK) 

Up,i  droplet  velocity  iiv  the  i -direction  (m/s) 

u  viscosity  (kg/m. sec.) 

P  .density  (kg/m3) 

o  F;tefan-Boltzman  constant 

e  dissipation  rate' of  the  turbulent, .kinetic  energy 

Subscripts 

f  gas  phase 

p.  droplet 

v  vapour 

eff-  effective  (including  the  effects  of  turbulence) 


1 .  INTRODUCTION 

In  reference  1,  the  authors  described  a  method  for  the  calculation  of  the  flow  proper¬ 
ties  of  a  confined  keros? ne-spray  flame.  A  preliminary  assessment  was  obtained  by  compa¬ 
rison  with  the  measurements  of  referenced,  obtained  with  a  hollow-cone  spray,  and  it  was 
concluded  that  the  number  of  size- ranges  was  of  little  importance-.  In  addition,  discre¬ 
pancies  of  more  than  400°K  were  observed  in  temj.erature-  and  were  attributed  to  uncertainties 
in  initial  conditions  and  in  the  turbulence  model.  The  present  paper,  reports  calculated 
results  obtained  with  An  improved  version  of  the  method  and  makes  comparisons  with  measure¬ 
ments  obtained  with  both  hollow-cone  sprays  and  twin-fluid  atomizers; 

The  calculations  again  made  use  of  the  two-equation  turbulence  model  but,on  this: 
occasion-,  it  he  '-.combustion  model  has  been  changed  from  that  of  reference  1,  which  was  appro? 
pri ate  only  to  diffusion  flames, to.  that  of  reference  3  which  can  accommodate  diffusion, 
premixed  and  irbitrary  fuelled  flames, albeit  with  the  limitations  imposed  by  source  terms 
dependent  upon  mean  mass  fractions  of  fuel  and  oxidant.  In, addition,  and  although  of  secon¬ 
dary  importance  to  gas  turbine  conditions;  a  coupled  four-flux  radiation  model  has  been 
incorporated;  The  influence  of  the  location  of  the  gf id:  nodes ,  necessary  in  the  finite- 
difference  procedure,  has  been  investigated  and  suggests  that  the  results  presented  here 
are  no¥  significantly  affected  by  numerical  features. 

The  purpose  of  the  present,  work  is  to  allow  an  appraisal  of  the  calculation  method 
over  a.  wider  range  of  fuel  conditions  , and  geometries  than  those  of  reference  1.  The  calcu¬ 
lations  are  restricted  to  situations  with  comparatively  small  or  zero  preheat  and  the 
test  is,  as  a  result,  more  severe  than  required  in  practice. 
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The  remainder  of  the  paper  -is  presented  in  three  sections.  The  following  section 
provides  a  brief  statement  of  the  equations  solved  and  the  b'ouiidary  conditions  used; 
the  turbulence,  combustion,  droplet  and  radiation  models  are  described  briefly  and 
assumptions  indicated;  the  numerical  scheme  used  to  solve  the  equations  is  referenced 
arid  tests  of  the  'influence,  of  .grid  locations .described.  The  three  test  cases  are  des¬ 
cribed  in  . the  separate  parts  of  section  3  and  correspond  to  the  measurements  of  refer¬ 
ences  4,  5  arid  6;,  the  results  ana  corresponding  discussion  are  presented  in  these  three 
subsections.  The  psftsr  ends' with  brief  concluding  remarks. 


2.  CALCULATION  METHOD 


As.  described  in  references  1  and  7,  the  equations'  representing  conservation  of  mass, 
momentum,  turbulence  energy , -dissipation  irate , /enthalpy  and  mean-species  concentrations 
can  all  be  written  in  the  form: 


3x 


(pilt)  + 


I-l.(r 
r  3r  v 


V  $)  = 


3x  ' r  3x  +  r'3r  ‘  3r^ 


+  S-  +  S  . 


(1) 


This  presumes  that  the  mean  flow  is  two-dimensional,  axisymmetric  and  that  turbulent 
diffusion  "ban  be  represented  by  gradient  assumptions  and  exchange  coefficients,  r.  The 
source- termj’  S,  represents  the  generation  or  destruction  of  the  dependent  variable,  $ ,  by 
processes  concerned  only  with  the  gas  phase,  and  S^,  the  generation  or  .destruction  due  to 
the  fuel  droplets,  TTheiequation;  with  trie  boundary  conditions  and  assumptions:  described  in 
the  following  subsections,  has  bur  a  solved  by  the  finite-difference  procedure  described 
in  refererices  8  arid  9. 

Boundary  Conditions 

The  elliptic  nature  of  'the  differential  equations  requires  that  each-  dependent  variable, 
or  its  gradient,  be  specified  on  all  sides  of  the- solution  domain,.  In  the  present  case, 
wall  arid  symmetry-line  values  were  easily -prescribed  and  zero-axial  gradients  were  pres¬ 
cribed  at  downstream  locations  where  this  assumption  did  not  influence  the  upstream 
calculated  results. 

Upstream  flow  boundary  conditions  are  based  on  experimental  information,  where 
available,  and  on  sensible  guesses  where  not.  The  use  of  .a .-sensible  guess  implies  that 
its  -influence  should  be  tested;  In- general,  the  flow  boundary  conditions  for  turbulence 
quantities  are  of  secondary  importance  and  are  estimated  on  i.he  basis  of  a  mixing-length 
hypothesis.  The  values  of  the' mean-velocity  components  are  more  important  and  specific 
comments  will  be  made  when  the  results,  are  discussed.  The  initial  droplet-size-distribu¬ 
tion  and  injection  velocity  are  also  important  and  are  also  discussed  in  relation  to  the 
discussion  of  results. 

Turbulence  model 

The  twq-equation,  effective-viscosity  model  used  to  represent  the  turbulence  charac¬ 
teristics  has  been  well  documented  and  represents  the  simplest  model  appropriate  to  flows 
with  recirculation.  Higher-order  models  cannot  be  justified  with  the  uncertain¬ 
ties  introduced  by  the  additional  assumptions  arid  particularly  the,  combustion  and  droplet 
models.  Equations  for  the  turbulence  energy  and  dissipation  rate  are ’solved  in  the  form 
described,  for  example,  in  references  1  and  8,  and  the  effective  viscosity  is  assumed  to 
have  the  form 

•  o  k2/.c 

The  "constant",  CD,  arid  the  other  four;  "constants?'  required  to  represent  aerodynamic 
features'  are  identical  to  these 'Of  references  1  and  9.  The  exchange  coefficient  in  the 
momentum  equations  has,  therefore,  the  form 

r  =  M,/p 

arid, in  the  enthalpy  equation, 
r  =  Vt/a 

where  a  is  ariteffective  "Prandtl"  number  with’  a  value  of  6.9. 


Consistent  with  the  effective  viscosity  assumption  and  to  minimize  computer  storage 
arid  run-times,  the  dependent  variables  at  the  wall  are  linked  to  those  at  the  first  grid:- 
node  from  .the  wall  by  "wall  functions"  which  presume  the  logarithmic  law  of  the  wall 
and  are  discussed  iri  references  1  and  9. 

Combustion  model 

It  3"s  assumed  that  liquidrfuel  droplets  act  as  distributed  sources  of  fuel  which. 
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.evaporate  to  form-a -.cloud  of  vapour  and  that >  as  a  ;result,  the  combustion  process  can  be 
regarded^  ps;:gaseous-i  The  transport  and  evaporation  processes  are  represented  by  the  droplet 
■model  and  its  influence  on. the  S. -terms  of  the- momentum,  enthalpy  arid  mean-species 
equations.  The  combustion  process  is  represented  by  the  model  of  reference  3  which  presumes 
that  the  consumption  of  fuel  is  controlled  by  a  turbulence-chemistry  interacts  n  i.e. 


fu 


23:6(^|K.  |  .x.  5min. 


kg/nr/s 


c ' 


where  is  defined  as  the  ratio  between  the  local  concentration  of  reacted  fuel  and  the 
total  fuel  concentration,  consequently 

X  =  (1  -mfu  -  mox)/(l  +  id 

(i  -  -  mox)/(l  +i  )  +  mfu 

This,  combustion  model  can  be  used  in  arbitrary  fuelled  flames  but  is  undoubtedly  sim¬ 
plistic  it>  its  lack  of  direct  consideration  of  the  scalar  fluctuations.  It  is.,  however, 
economic  of.  computer  storage  and  time  and,  in  view  of  the  additional  uncertainties  imposed 
by  the  droplet  model,  probably  of  acceptable  precision. 


The  influence  of  density 'fluctuations,,  in  combusting  flows,  iS  -important  and  the 
present  differential  equations  may  be  regarded,  as  written  in  mass-weighted  form,  with  the 
consequent  assumption  that  the  turbulence  model  is  valid  in  the  presence  of  these  fluctua¬ 
tions  .  This  implies  that  the  calculated  results  should  be-  compared  with  mass-wbighted 
measurements  and  it  is  likely  that  the  measured  concentrations  are  close  to  -.mass-weighted. 


Droplet,  model 

The  droplet-sire  distribution  within  the  fuel  spray  is-irepresented  by  a  finite  number 
of  size  ranges.  TheV.drople-*-, source  terms,  Sd,  which,  provide  the  means  for  coupling  the 
droplet  and  .gas  fields  require,  foritheir  evaluation,  the  determination  qf  .the  droplet 
location,  size;,  temperature  and  velocity  within  the  calculation  domain';  ‘This  is  done  by 
tracking  the  droplets  representing  different  size  ranges  throughout  their  movement  inside 
the  calculation  domain  and  consequently  a  Lagrangian  framework  is  used  to  describe  the 
droplet  behaviour.  , 


For  each  droplet  size-  range,  the  momentum  balance  equation  in  the  i-direction  is 
written  as 


d^j  ,i  = 


V"a!J="',,,Dpi  °r*i  *  C° 


(2) 


where  Rq  is  the  Reynolds  number  based  on  the  droplet  diameter „  Dp,  and  the  relative 

velocityJUv.  Cjj.  is  the  drag  coefficient  and  is  calculated- from  the  coi'relations  given  in 
reference  1’.  The  mass  transfer  rate  from  the  liquid  to  the- gas -phase ,  associated  with 
evaporation,,  is  given  by 

k-  0;5 

m  =  2nD  .  -i-  »  tn(l  +  B)  .  (1  +  0.28  R  '  ) 

P  P 


where  B  =  0  (T.  - 

Pu  1 


So  that, 


rsat’>/L- 

•  d(Dp3) 
clt 


Also, 


-2  kf  .  02  +  0.56  R°'5)  ?.n(  1  +  B)  .  h- 

^'.^cp-  e*  % 


(3) 


The  droplet  temperature  during  the  preheating  period' is  determined -by  solving  the  thermal 
balance  equation  for  a  droplet  moving  in  a  gas  stream: 


,6’ 

*V‘ Pp  * Cp 


k  i'0v5 

Kf  (2  +  0.56  R^  )  .  ,( Tv  -  T  )> 

W:  l  1  p 

1  P 


(4) 


The  solution  of  the  Lagrangian  equations,  2',  3  and  4  provides  the  variation  of  droplet 
velocity,  diameter  and  temperature  .in  the  time  domain  and  a  droplet  tracking  technique 
transfers  this  “to  the  space  domain;  fhe'  dropl'et-sdurce  terms  are  obtained  by  calculating 
the  loss  or  gain  of  the  droplet  mass,,  heat  and.  momentum  . within  each  computational-  cell  of 
the  gas-field;. 


Radiation  model 

The  present  radiation  modei  is  based-, on-  the  flux-mqdel  proposed  by  De  Marco  and 
Lockwood  (10)  where  the  directional  dependence  of  the  radiant  intensity  at  a 'point,  is 
approximated  by  a‘ truncated  Taylor  series  expression.  The  exact  integro-differential 
radiation  equation  reduces  to  a  set  of  approximate  partial  differential',  equations  of  the 
type ‘described  by  equation  1;  For  axi-symmetric  geometries  arid  with  the  assumption 
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of  ah  absorbing  emitting  non-scattering  ;grey ^medium -in  local  thermodynamic  equilibrium, 
the.  equations  can  be  written  as' 

i-  .  3Rx  =  4  K  ("2R„  -  p...  -  cT4) 

3x  %  ~  3 

1-  ,.3  r  3?r  r,  4  K  (2R  -  R  -  oT4) 

r  77  K  “3?  3  r  x 

where  R.  and  R  are  .respectively  the  total  axial'  and  radial  radiation  fluxes  and. K  is  he 
absorption  coefficient  of  the  medium  and  has  a  calculated  value  of  0.3.  The  radiation 
jnergy  contribution  to  the  source  term  in  the  enthalpy  equation  is  expressed  as 

SH  =  ;i6/9)  ;  K  ,  (Rx  +  Rr  -  2oT4) 

Numerical  features 

The  droplet-gas  coupling  is  incorporated  in  the  numerical  procedure  as  follows.  An 
isothermal,  droplet-free  solution  of  the  gas  field  is  first  obtained  then  droplet  trajec¬ 
tories,  size  and  temperature  history  are  calculated,  through  the  droplet-field  equations, 
with  known  gas  -properties.  The  droplet  source  terms  are  then  calculated  and  'fed  "io  the- 
finite -difference  fqrm  of  equation  1  to  obtain  adjusted  values  for  the  dependent  variables. 
These  are  used  agair.  in  the  solution  of  the  droplet  equations.  This  process  of  solving, 
the  gas-field  equations  followed  by  the  droplet  equations  is  repeated  until  all  the 
equations  are  satisfied,  see  references  1-7. 

The  ipresent  numorical  -procedure  is  second-order  accurate  except  when  the  Reynolds 
number  of  the  computational  cell  is  greater  than  1 2 1- .  In  such  cases,  an  upwind-differen¬ 
cing  scheme  is  used  and  is  more  likely  to  cause  numerical  errors  if  the  streamlines  do 
not  orthogonally  cross  the  finite-difference  cells.  These  errors,  vfhich  have  the  effect 
of  introducing  an  additional  "false-diffusion"  into  the  equations,  are  dependent  on  the 
magnitude  of  the  Reynolds  .number ,  tUax'/u,  and  therefore,  can  be  minimized  by  reducing  the 
characteristic  dimension  of  the  cell,  ax,  at  regions  where  the  characteristic  velocity ,U  , 
is  largely  skewed' to  the  orthogonal  grid;  J?cr  each  of  the  sets  of  data  described  in  the 
following  section,,  calculations  were  performed  to- identify  regions  of  high  cell  Reynolds 
number  -and  the  number  of  grid  nodes  and  choir  locations  were,  accordingly,  .modified. 

Figure  1  shows  a  sample  of  the  calculated,  results  obtained  with  different  arrangements  of 
the  grid  nodes  .and  corresponds  to  the  isothermal  mean-velocity  measurements  of  reference  4, 
test  case  1,  The  reported  calculations  of  the  present  work  were  obtained  with  a  gf-';d 
composed  of  25  x  25  nodes  which  provided  the  best  compromise  between  computer  storage,  time 
and  accuracy.  The  computing  time  for  the  reported  calculations  varied  between* '8  and  15 
minutes  of  CDC  6600  time  according  to  the  number  of  size  ranges  considered  and'  the  flow 
features  of  each  tesb,  case. 

3.  PRESENTATION'  AND  DISCUSSION  OF  THE  'RESULTS 

The  present  procedure  has;  been  applied  for  the  prediction  of  the  flow  properties  in 
the  three  flame  geometries  of  references  4,  .5  and  6.  Details,  of  the  inlet  conditions, 
experimental  data  and  flame  geometries  corresponding  to  (the  three  test  cases  are  given- 
in  table  1  and  figure  2,  The  calculated  results  for  each  test  case  were  obtained  with 
the  upstream  boundary  conditions  summarized  in  table  2. 

Test  Caso.l 


The  experimental  data  of  this  test  case,  which  were  obtained  with  a  rotating  cup 
atomizer  capable  of  producing  a  near-monosjzed  spray,  comprised  measurements  of  the 
droplet  size  distribution  within  the  spray  and  the  droplet  injection  velpcity,  This 
allowed  accurate  representation  of  the  (droplet  inlet  conditions  and  reduced  the  uncertain¬ 
ties  of  the  droplet  model  to  those  .relating  to  the  expression  used  to  calculate  the 
droplet  evaporation  rate .  Supplementary  experimental  information  regarding  the  upstream 
boundary -conditions  of  the  mean-velocity  components  and  wall-temperature  distributions 
were  also  available  together  with  detailed  measurements  of  air  velocity  within  the 
combustor  under  isothermal  conditions.  Calculated,  results  were  obtained  for  .the  latter, 
as  described  previously,  and  were  used  to  .assess  the  accuracy  of  the  present  numerical 
procedure  arid  the  turbulence  model.  Therefore,  ,the  following  comparison  with  the  experi¬ 
mental  data  .allows  the  present  combustion  model  to  he.  critically  appraised. V 

Figure  3  shows;  the  calculated  and  measured  radisil  profiles  of  temperature,,  mass 
fractions  of  carbon  dioxide  (C02)  and  oxygen  (6^)  at-  different  axial  distances  along  the 
combustion  chamber.  Also  shown  on  the  figure, for  reference  purposes,  are  the  corresponding 
measured  profiles  of  carbon  monoxide  (CO)  concentration.  The  results  of.  figure  3  show 
that  the  general*  features  of  the  temperature  and  species  concentrations  are  correctly 
predicted.  However,  discrepancies  in  the ^extent  of  chemical  reaction  and  the  corresponding 
temperature  values  are  clearly  indicated.  4'fc  locations  close  to  the  combustion  chamber 
wall,  the  02  concentrations  are  under-predicted,  by  approximately  5%,  with  a  consequent 
overprediction  of  the  temperature  values,  where  discrepancies  of  around  100°K  can  be 
observed.  The  accelerated  consumption  of  oxygen,  at  this  region,,  is  attributed  to 
deficiencies  in  ;the  coupled turbulence /chemistry  models  and,  to  a  lesser  extent,  to  the 
boundary  condition  specifications.  In.  the  initial  flame  region,  X/.D  <0.3,  and  at  radii 
corresponding  to  the  maximum  gradients  in  the  measured  temperature  and  species  concentra- 


tioris,  around,  R  =  60. ram  the  predicted  profiles  of  0?  and  CO a  are  seen  to  be  slightly 
shifted  towards  smaller  radii  which-  Indicates' an.  underestimation  of  the  chemical  reaction- 
rates.  With  the  presumed  dependence  of  the  reaction  rate-on  the  turbulent  kinetic  energy 
and  its  dissipation  rath,  -this  result  is  consistent  with  the  underprediction  of  the  central- 
re  circulation  zone  at  this  region  which,  is  evident  in  figure  1-. 

The  large  discrepancies  in  the  temperature  values,  around-  400°K,  which  can  be  seen  in 
the  radial  profiles  at  X/D  =  6.127  and;  0.255  ana  at  R  <  50mm  are  attributed  to  uncertainties 
in  the  present  combustion  model  and  in  particular  to  the  assumption  of  singly  step-chemical 
reaction  and  the  neglect  of  intermediate  species  such  as  soot  and  carbon  monoxide.  It  is 
clear  that,  although  the- 0„  concentrations  are,  to  some  extent-,  correctly  predicted  in  this 
region,  the  C02,  concentrations  are  overestimated  by  around  30%  which  can  be  explained  by 
referring  to  "tne  high  CO  values  (10%)  measured  in  this  zone.  In  effect,  and  due  to  the 
comparatively  high  calorific  value  of  CO,  the  calculated  heat  release  rates  are  much  higher 
than  the  actual  values.  At  the  far  downstream  regions  of  the  flame,  foi  example  at  X/D=4\5, 
tne  differences  between  the  calculated  and  measured  temperature  values  decreases  to  around 
Sd0°k  and  can  be  attributed,  again,  to  deficiencies  in  the  coupled  turbulence/chemistry 
models. 

Test  Case  2 

The  calculations  for  tnis  test  case  were  performed,  as  indicated  in  table  2,  -for  5  and 
10  droplet  size  ranges;  the.  calculated- and  measured  radial  profiles  of  temperature  and 
unburnod  hydrocarbon  (URC)  concentrations  are  shown  in  figure  4.  The  calculated  profiles 
in  thei  upstream  part  of  the  flame,  X/DISC  <  'O';  4  37  indicate  a  large  overprediction -of  the 
temperature  values,  by  around-  400Pk ,  and  are  qualitatively  in  error -especially  in  the  <• 
region  surrounding  the  intense-combustion  zone,  which  is.  indicated  by  the  high  tempera¬ 
ture  values  at  R/DUCT  around  0.4.  The  present  flow  geometry,  see  figure  2,  suggests  that 
this  region  .coincides  with  the  <s hear  layer  separating  the  recirculation  zone  behind  the 
disc  and  the  surrounding  air- stream.  It  is  likely  that  the  large  overprediction  of  the 
chemical  reaction  rate  at  this  region,  which  is  evidenced  by  the  calculated  radial  profiles 
of-  -UHC,  is  mainly  due  to  inaccurate  calculation  of  the  mean  flow  and  the  turbulence 
characteristics  within  the  shear  layer;  The  predicted  high  temperature  values  in  the 
initial  flame  region  are  also  influenced  by  the  uncertainties  in  the  assumption  of  single 
step  reaction  (the  measurements  indicated  comparatively  high  concentrations)  and  in-  the 
calculation  of  the  evaporation'- and.  spreading  of  the  fuel  spray. 

The  predicted:  and  measured  temperature  profiles,  in  the  downstream  part  of  the  flame  - 
X/DISQ;  >  0.6,  are  shown  to  be  qualitatively  in  agreement  although  the  temperature  values 
are- generally  underestimated  by  around  100-200°K.  It  can  also  be  observed  that  the 
predicted  UIIC.  concentrations  are  well  below  the  measured  values.  Apart  from  the  related 
influence  of  the  overprediction  of  the  chemical  reaction  rate  in  the  initial  flame  region;, 
these  discrepancies  .are  due  mainly  to  inaccuracies  in  representing  the  turbulent  transport 
and  spreading  jof  the  ai-r  str'eam*surrounding  the  stabilizer  disc  which  had  a  consequent 
dilutioib  and  cooling,  of foots  on  the  downstream  part  of  the  flame. 

The  calculated  results  of'  figure  4  which  were  obtained  with  5  and  10  droplet  size 
ranges  indicate  clearly  that  the  increase  i  i  the  number;  of  size  ranges  has  a  relatively 
small"  influence  on  the  predicted  profiles .  This  small  difference  between  the  predicted 
results  is  probably  related) to  both  the  spray  type  and  the  aerodynamic  features  of  the 
present  geometry.  The  hollow -cone  type  of  -c-he  spray  for  this  test  case  implies  that  most 
of  the  droplet  trajectories' are  confined  to  a  S.mal-1  spatial  volume  and  it  is  likely  that 
changes  in  the  discretization  level  used  in  representing  the  spray  would  have  insignificant 
influence  on  its  overall  characteristics,  including  both  the  evaporation  and  spreading 
rates.  It  is  also  likely  that  the  high  turbulent  mixing  rates  in  the  near-spray  region  of 
the  present  flow  geometry  tend  to  diminish  -the  influences  of>  any  small  differences  in  the 
details  of  the  spray  evaporation  and  spreading  processes  associated  with  the  change  in  the 
number  of  size  ranges.1; 

Test  Case  .3 

The  reported.. calculations  for. this  test  case  were  performed  using  10  and  20  droplet 
size  ranges  as  indicated,  in  table  2,  The  calculated  and  measured  centre  line  distributions 
of  temperature,  mass  fractions  of-02,  CO  (measured),  and  COa  are  shown  in  figure  5  and  the 
corresponding  radial  profiles.,  at  axial "distances  of  80mm  and  250mm  are  shown  in  figure  6. 

It  is  evident  from  figure  5  that  the  calculated  oxygen  concentrations  along  the  flame 
centreline  and  for  the  two  cases  with,  10  arid  20  size  ranges  are  generally  underestimated. 

For  example,  the  calculated  values  at  some  points  drop  to  below  half  the  measured  concen¬ 
trations,  Related  discrepancies  in  the  temperature  and  C02  mass  fraction  can  also  be 
easily  detected  in  figure  5.  This  overprediction  of  the  chemical  reaction  ra,te  is  due, 
in  part,  to  inaccuracies  in  representing  the  spray  evaporation  rate  and ‘to  uncertainties 
in  the  present  combustion  model .  The  former  is  clearly  demonstrated  by  the  comparatively 
better  agreement  between  the  predicted  and  measured  values  obtained  with  the  higher  number 
of  droplet  size  ranges.  The  latter  may  stem  from  the  strong  dependence  of,  the  reaction 
rate  term  on  the  turbulence  characteristics  of  the  flow  which,  in  turn,  are  sensitive  to 
the  presumed  upstream  boundary  conditions.  It  is  also  likely  that,  inthe  initial  flame 
region,  the  coirbustion  model  may  be  deficient  in  its  lack  of  direct  consideration  of  the 
influence  of  the  presence  of  high  concentrations  of  ;fuel  droplets  on  tbe  . calculation  of 
the  reaction  rate,. 

it  is.  clear  from  the  radial  profiles  of  figure  6  that  the  increase  iii;  the  number  of 
droplet  size  ranges  (from  10  to  20)  has  led  to  a  bettor  represtntation  of  the  flame 
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spreading  rate  and  to  a  decrease  in.  the -discrepancies  between  the  calculation  and  measurer 
mentis.:  For  example  *  the  locations  of  the  tempera.  ure  maxima  are  shifted  radially,  outward 
to  coincide,,  approximately.',  ivith  ' the  measured  locations.  This -is  mainly  due  to?  the 
increased' accuracy  in  calculating- the  evaporation  arid  spreading  rates  of,  the,  fuel  spray , 
as  a  result  of  .the ^reduced  degree  of  discretization  associated: with  sthe  -higher  number  of 
size  ranges,  The  larger- influence  of  the  number  of.  size  ranges  observed  in  this  case  is 
related  to.  the  spray  type  and  the  comparatively  low  turbulent  mixing  rates  of  the  present 
flow  geometry  where:  an  increase'  in  the  relative  importance  of  the  fuel  spray  characteris- 
tics  '-in  controlling';  .the  cdrabustioii-iprocess  'is  anticipated. 

The  comparison  between  the  experimental  and. predicted  results  for  this  case,  and  for 
the  preceding  two  cases,  is  undoubtedly  subject  to  the  experimental  uncertainties  associa- 
tedwith  each  technique.  Although  assessment  of  these  uncertainties  is  difficult,  it  is 
expected  that  the  accuracy  of  temperature  measurements  will,  in  general,  be  better  than  10% 
and  that  of  the  concentration  measurements  will,,  at  the  best,  be  in  the  range  of  +15%. 

4-,  CONCLUDING.  REMARKS:  ’ 

The  present  ^procedure  has  been  applied  for  the  calculation  of  the  flow  properties  in 
three  different  spray  flame  geometries  and  the  comparison  with  the  corresponding  experimen¬ 
tal  data  indicated  that  the  general  features  of  the  flow  fields  are  correctly  predicted. 

The  magnitude  of  the  discrepancies  between  the  experimental  and  predicted  results  and  the 
relative  importance  of  the  sources  of  uncertainties  in  the  modelling  assumptions  was  found 
to  vary  according  to  the  flame  geometry,  considered.  For  example,  the  results  6f  test  case 
1  showed  discrepancies  in  the  temperature  and  oxygen  concentrations  of  between  100  and 
400°K  and  1  and  5  0„%  respectively  which  were  mainly,  influenced  by  the  deficiencies  in 
the  coupled  turbulence/cymbustion  models.  The  uncertainties  in  the  droplet  model,  however, 
relating  to  the  calculation  of  the  spray  evaporation  ..and  spreading  rates  were,  however, 
found  to  contribute  significantly  to  the  observed  discrepancies  in  the  j  es"lts  of  test 
case  3. 

The  second  and  third  test  cases  of  the  previous  section  corresponded  to  significantly 
different  spray  arid  flow  geometries  and  therefore,,  .allowed  the  influence  of  the  number  of 
size  ranges  assumed  within  the  droplet  model  to  be  examined  over  a  wider  range  of  spray 
flames  than  those  of  reference  1.  In  agreement  with  the  conclusion  of  reference  1,  the 
calculated  results  of  test  case  2  indicated  a  small  influence  of  the  number  of  size  ranges 
on  the  predicted  profiles.  On  the  other  hand,  the  resuits- of  test  case  3  demonstrated 
clearly  the  importance  of  this  number.  Examination  of  both  the  spray  characteristics  and 
the  aerodynamic’  flow  features- of  the  present  two  cases  and- those  relating  to  the  test  case 
of  reference  1  suggests  that  the  influence  will  be  small  for  sprays  where  the  majority  of 
droplets  are  confined  to  a  small  spatial  volume  (for  example,  hollow-cone  sprays)  and  for 
flow  conditions  where  a  high  degree  of  turbulent  mixing  exists  in  the  near-spray  region. 


-ACKNOWLEDGEMENTS 

The  authors  gratefully  acknowledge  financial  support  from  the  Ministry  of  Defence 
(Procurement  Executive)  arid  helpful  advice  from  colleagues  in  the  Fluids  Section  of 
Iriiperial  College  arid  at  the  National  Gas  Turbine  Establishment. 

REFERENCES  -  ,  - 

1.  Y.  El  Banhawy  and  J;H.  Whitelaw.  The  calculation  of  the  flow  properties  of  a  confined 
kerosdne-spray  flame,  A1AA  paper  79-7020,  1979-, 

2.  K.H.  Khalil,  F.M.  El  Mahallawy-  and  H.A.  Moneib.  Effect  of  combustion  air  swirl  on  the 
flow  pattern  in  a  cylindrical  oil-fired  furnace.,  16th  Synrp.  (Int.)  on  combustion, 

The  Combustion  Institute,  ,135-143 ,  197-7 . 

3.  B.F.  Magnusseri,  6.H.  Hjertager,  JIG.  Olsen-  and  D.  Bhaluri.  Effects  of  turbulent 
structure  and  local  concentrations  on  soot  formation  and  combustion  in  C2H2i  diffusion 
flames.  17th- Gymp.  (Int.)  on  Combustion,  1978. 

-  ' ' '  ^  C- 

4.  Y.  El  Banhawy.'  Unpublished  work. 

5,.  Tuttle,  R.A;.  Shisler  and  A.M.  Mellor.  Investigation  of  liquid  fuelled  turbulent 

■"  diffusion  fiaraos.  Comb.' :Sci-..  and  Tech.  14,  229,  . 191  o. 

6.  A. C,, Styles  and;  N.A.  Chigier-,.  Combustion  of  air  blast  atomized  spray  flames.  16th 
Sympv  (Int.)  -on" 'Combust ion ,  The  Combustion  Institute,  619-$30,  1977; 

*  f'  --  _ 

7.  Y.  El  Banhawy.  The  calculation  of  the  f low  iproperties  of  a  confined  kero.sine-spray 
fjame.  imperial  College,  Mech.  Eng.  Dept.  Report^FS/78/28..-. 

8.  A.D.  Gosman  and  W.M.  Pun.  Lecture  notes  for  a,  Course  entitled: ’(Calculation  of 

>  recirculating  flows"  Imperial  College,  Mech.  Eng.  Dept 7,  1973. 

„  \  v'-  V 

9.  A.D,  Gosman,  E.E.  Khalil  a_rid:J.H.  Whitelaw.  The  calculation  of  two-dimensional,  turbu¬ 
lent  recirculating  flows.  Turbulent  shear  f-lows,  I..  Ed.  by  F_,  Dursjt^  B.E.  Launder, 
;F.W.  Schmidt  ahd£|r.H.  Whitelaw*  237,'  19,79.,  Sprir.ger-Verlag.  ~ 

10.  A. G.  Pe  M&rco  .and  F.C.  Lockwood.  A  new  flux  model  for  the  calculation  of  radiation, 
in  furnaces.  Italian,  Flame  Days,  La  rivista  dei  Combustibili^.  29,  184,  1975, 


Table  i..  Operating  conditions  for  the  three  test  cases 


Test  case  number, 
(reference) 

1 

(4) 

'2 

(5) 

3‘ 

(6)  - 

Flame  geometry 

figure  2, a 

figure  2,b 

figure  2,0 

Fuel 

kero sine 

liquid  propane 

kerosine 

Fuel  atomizer- 

rotating  cup 
'  -atomizer 

simplex: 

pressure  atomizer 

twin-fluid 

atomizer 

Swirier  angle 

60° 

- 

Combustor  pressure 

1  atm 

‘5  atm 

unconfined  1  atm. 

Preheat  temperature 

300°K 

500°K 

300°K 

Combustion  air, 
flow  rate 

200  kg/hr 

3600  kg/hr 

Fuel  flow  rate 

4 .75  kg/hr 

22;  6  kg'/hr 

2.3  kg/hr 

Experimental  data 

Radial  profiles 
T.CO.COo.On-  droplet 
velocity  r 

Isothermal  axial 
velocity 

Radiai  profiles 
-•  T,C0,UHC,N0x 

Radiai  and  centreline 
profiles  -T.CO.CO-.Hg 
and  CH^-droplet  sfzef 
droplet  velocity. 

Table  2.  Fuel  spray  upstream'  boundary  conditions  for  the 
three  test  cases. 


Test  case  no. 

;  _  1 

2 

3 

Droplet  size 
distribution 

near-monosized 

(measured) 

D  : =  4  7y  r.i(  70%  mass ) 

me  tin 

Dsatelite=24am(<30%  mass) 

j  *  a  D_  3.5 

TT  =4.2lxl06(Tfg)  . 

D  0-4  , 

exp.  (-16. 98^)  ) 

.  dDp 

.  158  . 

w  =  exp,(-y^j)0.68 

No.  of  size 
ranges 

,5-10 

10-20 

Droplets 

injection 

velocity(m/s), 

'  (measured) 

Up  0.9-8 
■  ;Vp  1.0-2.34 

Wp  11..69r25.3 

(calculated) 

Up  20.0 

Vp  2 

Wp  11.5 

(measured) 

Up  20-25 

Vp  =0.03-2 

|  *  dn  and  n  are  the  number  of  droplets  in  the  size  range  from  Dp  to  Dp  +  dDp  and 
the  total  number  of  droplets  respectively. 

**  v/.  =  raasc  fraction  for  droplets  larger  than  Dp 
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Figure  1.  Experimental  and 
predicted,  radial  profiles 
of  axial  mean  velocity 
( isothermal))  for  'different 
<grid  arrangements. 


m 


(C)  TEST  CASE  3 

(A)  TEST  CASE- 1 

V 

Figure  2. Flame  geometries  fpr  the 
three  test  cases  (dimensions  in  mm) 
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(B)  TEST  CASE  2- 

TEMPERATURE  (°K) 


DISCUSSION 


A.M.Mellor,  US 

I  believe  that  test  case  2  shows  little  dependence  on  the  number  of  size  ranges  used  to  model  the  spray  for  two 
reasons: 

(1)  the  liquid  propane  is  thpught  to  flash  evaporate  when  injected  into  the  combustor; 

(2)  The  flame  you  have  modelled  is  thought  to  be  controlled  by  the  mixing  of  fuel  vapor  with  air,  that  is,  evapora¬ 
tion  is  rapid  compared  to  this  mixing  (see  Paper  24,  this  Symposium,  Figures  10  and  1 1,  and  Reference  48 

of  Paper  24). 

Author’s  Reply 

The  calculated  results  support  Dr  Mellor’s  interpretation  and  confirm  that,  of  the  three  sets  of  data  tested,  only 
these  from  the  twin  fluid  atomiser  with  its  polydispersed  solid  spray,  require  a  large  number  of  size  ranges.  It  is 

likely  that,  except  at  idle  conditions,  droplet  considerations  are  of  secondary  importance  for  gas-turbine  calculations. 

/* 


J.Swithenbank,  UK 

(1)  Although  it  may  be  justifiable  in  some  cases  to  use  only  a  few  droplet  size  ranges  in  evaporation  computations, 
our  studies1  have  shown  that  for  a  typical  pressure  jet  atomizer  we  obtained  virtually  the  same  results  with 

20  and  40  increments  and  significant  differences  with  the  size  ranges.  We  therefore  feel  that  at  least  10  size 
ranges  are  needed  in  such  systems. 

(2)  We  should  try  to  elevate  the  choice  of  grid  size  from  the  state  of  ai<  ‘art’  to  a, ‘science1.  Perhaps  the  turbulence 
length  scale  can  be  used  to  iteratively.optimize  the  grid. 

I  welcome  your  comments  on  these  points. 

1 .  Vincent,  M.W.  Droplet  Evaporation  in  Combustors,  Ph.  D.  Thesis,  Sheffield  University  1 976. 

Author’s  Reply 

(1)  The  results  I  presented  have  related  to  three;sprays  and  show  significant  influence  of  the  number  of  droplet^ 
size.ranges  only  for  the  solid  spray.  The  more  practical  hollow-cone  arrangements  clearly  did  not  require  more 
than  5  size  ranges.  The  previous  comparisons,  presented  at  the  4th  Symposium  on  Air  Breathing  Engine 
Symposium  support  this  view.  This  is  not  to  say  that  sprays  with  different  characteristics  will  allow  different 
conclusions.  However,  it  seems  likely  that  the,  need  to  better  represent  the  chemistry  by,  for  example,  a  two- 
stage  reaction  will  result  in  discrepancies  which  are  more  important  than  these  introduced  by  the  consideration 
of  a  small  number  of  size  ranges.  The  incorporation  of  this  better  chemistry,  with  appropriate  influence  of 
turbulence,  may  require  considerable  effort; 

(2)  I  agree  with  the  view  that  the  location  of  grid  nodes  requires  skill  and  that  a  more  systematic  and  automatic 
procedure  is  desirable.  An  important  question  is  to  identify  good  criteria  for  this  choice.  We  have  found,  in 
some  flows,  that  the  consideration  of  the  static  pressure  distribution,  and  the  location  of  nodes  with  conccntra; 
tions  linked  to  the  static-pressure  gradients,  gives  good  results.  But  the  criteria  may  be  preferable  in  different 
flows,  and  numerical  experiments  are  necessary  to  identify  them. 

At. the  same  time,  we  need  research  with  the  magnitude  of  numerical  diffusion  effects  as  a  function  of  finite- 
difference  scheme  and  flow.  Thisis  at  least  as  important  as  automatic  node  selection,  although  the  two  may  simply 
be  coupled.  In  many  practical  flows,  with  realistic  numbers  ofnodes,  numericaldiffusion  is  introduced  to  retain 
stability,  with  large  but  inadequately  quantified  effects.  The  effects  need  to  be  quantified  and  where  necessary,, 
avoided,  either  by  a  better  distribution  of  grid  nodes,  by-better  numerical  schemes  or  by  a  combination  ofiboth. 
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SUMMARY 

Increased  interest  in  alternative  fuels  use  in  gas  turbines  has  prompted  questions  related 
to  the  impact  of  fuel  property  variability  on  the  combustion  process.  Reduced  hydrogen 
content  is  characteristic  of  syncrudes  that  have  been  identified  as  probable  alternate 
fuel  sources.  An  interrelated  analytical  and  experimental sprogram  is  being  conducted  in 
which  chemical  and  aerodynamic  interactions  are  being  investigated  in  order  to  provide  a 
technology  base  to  a^d  in  dealing  with  problems  of  burning  alternative  fuels.  One  element 
of  this  effort  is  devoted  to  characterizing  the>  kinetics  of  the  oxidation  of  alternative 
fuels.  This  paper  is  concerned  principally  with  the  problem  of  net  soot  -generation  which 
is  aggravated  by  the  reduced  hydrogen  content.  The  kinetics  of  the  process  is  being  modeled 
using  the  quasiglobal  concept  while  experimental  data  is  being  developed  primarily  from  a 
laboratory  jet  stirred  combustor.  Results  are  presented  showing  that  soot  emissions  can 
be  characterized  in  terms  of  major  species  and  that  soot  oxidation  must  be  included  in  the 
^prediction  of  net  soot  generation.  In  addition,  the  techniques  being  employed  for  coupling 
the  chemical- and -aerodynamic  processes  are  outlined. 

.INTRODUCTION 

Until  recently  the  development  of  gas  turbine'  combustors  as  well  as  the  development  <ot, 
combustion  chambers  for  most  other  applications  has  been  based  largely  upon  empirical 
methods.  While  reliable  systems  have  been  produced  by  this  approach  the  cost  is  becoming 
prohibitive.  Furthermore,  time  constraints  for  the  development  of  new  systems  by  this 
approach  are  not  necessarily  compatible  .with  meeting  near  term  requirements  for  cleaner 
burning  and  more  efficient  systems.  Not  only  do  the  near  term  heeds  blunt  purely  empirical 
approaches  but  we  are  in  a  critical  period  where  the  development  of  new  technology  bases 
must  be  initiated  and  sustained  to  meet  the  long  term  requirements  dictated  by  the  in¬ 
creasingly  changing  fuel  availability  picture.;  Although  economics  and  supply  are  primarily 
responsible  for  this  recent  interest  in  new  fuel  sources,  projections  of  available  world¬ 
wide  petroleum  resources  also  indicate  the  necessity  for  seeking  . non-petroleum  based-  fuels. 

Fuel  variability  has  not  been  a  factor  commonly  accounted  for  in  empirically  based  design 
procedures.  Because  of  the  uncertainty  in,  future  fuels  as  well  as  the  -need  to  use  less 
conventional  petroleum  based  fuels,  the  requirement  to  develop  fuel  flexible  systems  is 
well  established.  The  design  of  fuel  flexible  combustors  that  burn  cleanly  and  efficiently 
requires  a  more  precise  understanding  of  the  mechanisms  that  control  flame  structure  than 
has  been  needed  in  the  past.. 

The  practical  goal  in  understanding  the  combustion  process  is  to  relate  the  parameters  in 
the  control  of  the  designer  to  the  performance  of  the  system.  By  performance  we  include 
in  a  general  sense  combustion  efficiency  and  emissions  characteristics. 

In  this  paper  emphasis  is  given  to  the  effects  of  fuel  properties  on  combustion  but  the 
relationship  between  the  fuel  and  the  aerodynamics  of  the  gas  turbine  combustion  process 
is  also  addressed. 

FUEL  EFFECTS  ON  GAS  TURBINE  COMBUSTION; 

Fuel  characteristics  which  are  most  likely,  to  affect  the  design  of  future  gas  turbines  are 
fuel  Hydrogen  content,  viscosity,  volatility,  nitrogen  content  and  thermal  stability, 

Ref.  1. 

The  impacts  of  reduced  fuel  hydrogen;  .content  are  associated  with  increased  rates  of  carbon 
particle  formation.  Increased  levels:. of  carbon  particle  concentrations  formed  in  fuel 
rich  regions  of  the  primary  zone  lead  to  higher  liner  temperatures  and  higher  smoke  emissions. 
Reduced  volatility  and  increased  viscosity  affect  droplet  life  times  and  atomization, 
respectively.  Volatility  affects  the  rate  at  which  liquid  fuel  introduced  into  the 
combustor  can  vaporize.  Since  important  heat  release  processes  do  not  occur  until  gas  phase 
reactions  take  place,  a  reduction  of  volatility  reduces  the  time  available  for  chemical 
reaction  within  the  combustion,  system.  In’  the  aircraft  engine  this  can  result  in  difficulty 
in  ground  or  altitude  ignition  capability,  reduced  combustor  stability,  increased  emissions 
of  carbon  monoxide  (CO)  and  hydrocarbons  (HC),  and  the  associated  loss  in  combustion  effic¬ 
iency.  Moreover,  carbon  particle  formation,  is  aided  by  the  formation  and  maintenance  of 
fuel-rich  pockets  in  the  hot  combustion  zone.  Ref.  .2.  Low  volatility  allows  rich  pockets  to 
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persist  because  of  the  reduced  vaporization  rate.  Again,  increased  soot  can  cause 
additional  radiative  loading  to-  combustor,  liners. 

The  .desired  formation  of  a  finely  dispersed  spray  of  small  fuel  droplets  is  adversely 
affected  by  viscosity.  Consequently,  the  shortened  time  for  gas  phase  combustion  reactions 
and  prolonging  of  fuel^rich  pockets  experienced  with  low  volatility  can  also  occur  with 
increased  viscosity.  Ignition,  stability,,  emissions,  and  smoke  problems  also  increase  for 
higher  -viscosity  fuels. 

Increased  fuel  bound  nitrogen  levels  can  lead. to  increased  NO  emissions.  Indications  are 
that  bound  nitrogen  conversion  to  NO  can  be  minimized  in  fuel  rich  combustion,  Ref.  3. 
Apparently,  this  will  occur  if  sufficient  time,  under  fuel  rich  conditions  is  allowed  for 
direct  conversion  of  the  bound  nitrogen  to  N„.  Problems  of  fuel  stability  are  aggravated 
with  increased  bound  nitrogen  and  undersible- levels  of  carbon  deposit  buildup  in  fuel 
management  systems  and  on  combustor  components  can  occur. 

While  our  investigations  are  addressing  all  of  these  fuel  related  problems  it  has  become 
apparent  that  to  characterize  net  soot  generation  requires  a  broader  description  of  the 
kinetics  of  pyrolysis  and  partial  oxidation. 

While  both  carbon  formation  and  carbon  consumption  processes  occur  in  continuous  combustion 
systems,,  the  latter  are  very  much  slower.  The  optimum  approach  for  preventing  hardware 
distress  and  avoiding  serious  environmental  consequences  is  to  develop  technology  to  avoid 
carbon  formation  while  satisfying  other  system  requirements  (efficiency,  gaseous  emissions, 
hardware  reliability,,  etc.). 

NET  SOOT  GENERATION 


The  predominance  of  fundamental  research  activity  has  involved  laminar  premixed  flames. 
Street  and  Thomas'  work  published  in  1955  is  extremely  thorough  in  experimental  detail 
and  breadth  of  hydro'carboris  examined;  Ref.  4;  it  has  become  the  classical  paper  in  the 
field.  Other  publications  are  References  5-16.  These  investigations  have  universally 
confirmed  that  soot  formation  is  a  kinetically  controlled  process.  Equilibrium  calculations 
indicate  that  soot  should  not  .be  present  at  fuel-air  mixture  conditions  where  the  oxygen- 
to-carbon  atomic  ratio  (0/C)  is  greater  than  one.  That  is,  the  general  chemical  equation 


CxHy  +  5  °2  *  XC0  +  I  H2 


should  define  a  soot  formation  threshold;  All  experimental  results  have  shown  soot  formation 
at  0/C  substantially  in  excess  of.  unity. 


Another  very  important  premixed,  flame  experiment  conducted  at  the  British  National  Gas 
Turbine  Establishment  (NGTE)  attempted  to  evaluate  the  effect  of  pressure  on  soot  formation, 
•Ref.  11.  All  previously  mentioned  work  with  premixed  flames  concerned  atmospheric  or 
sub-atmospheric  conditions.  The  combustion  system  employed  took  special  precautions  to  avoid 
flashing  back  to  upstream  locations,  an  additional  difficulty  associated  with  the  high 
pressure  operation.  In  addition  to  sooting  limits,  the  amount  of  soot  formed  was  determined 
and  expressed  as  a  "soot,  formation  ratio"  (the  percent,  of  fuel  carbon  evident  as  soot). 

The  index  of  the  soot  quanity  was  found  to  increase  with  the  cube  of  pressure.  Very  use¬ 
ful  plots  of  pressure  versus  equivalence  ratio  for  various  values  of  soot  formation  ratio 
were  persented,  Examples  are  shown  in  Figure  1  for  cyclohexane,  cyclohexene,  and  benzene. 

Gas  .phase  species  were  also  determined  during  this  testing  and  it  was  concluded  that  H20 
and  C02  (oxygenated  compounds  not  predicted,  by  equilibrium  for  the  system  (CxHy  +  \  Op  ■* 
xCO  +  ij.  Ho)  are  formed  in  substantial  quantities  and  deplete  the  system  of  oxygen  prior 
to  consumption  of  all  fuel . 

Soot  formation  In  laminar  diffusion  flames  has  also  been  studied,  Refs.  17-20.  The  direct 
utility  of’  this  information  for  the  gas  'turbine  combustion  application  has  been  questioned, 
as  the  mixing  rates  and  characteristic  times  for  chemical  reaction  are  .very  much,  different 
than  those  in  the  typical  combustor.  Shirmer,  Ref.  21,  has  discussed  the  significant 
differences  between  such  experiments  and  the  actual  combustion  process.  He  is  particularly 
•critical'  of  the.  use  of  the  smoke  point  test  as  an  index  of  -.fuel  tendency  to  .form  carbon 
particulates.  Turbulent  diffusion  flame  results  would  appear  to  be  more  applicable,  Ref. 

22.,  Wright,  Ref.  20,  has  examined  soot  formation  in  a  diffusion- flame  burner  and  i._3 
published  results  of  soot  measured  when  the  fuel  side  of  the  flame  is  supplemented  with 
oxygen  at  concentrations  well  below  O/C  =  1.  Surprisingly.,  it  was  found  that  the  addition 
of  oxygen  increases- soot  formation  up  to  ah  optimal  rate  at  which  the  inf luence -abruptly 
reverses  and  soot  suppression  is  accomplished  at  higher  02  concentrations. 

Wright's  work  involving  soot  formation  in  the  jet  stirred  reactor,  Refs.  23,  24,  is  perhaps 
of  most  interest  to  this  discussion  —  it  is  a  combustion  process  similar  to  that  at  which 
soot  forms  in  the  primary  zone  of  an  actual  continuous-  combustion  system.  As  in  the  pre¬ 
viously  mentioned  studies,  it  was  determined  that  soot  forms  at  0/C  >  1  but  the  strong 
backmixing  of  the  jet  stirred- reactor  did, afford  some  broadening  of  the  soot-free  Q/C 
ratio.  In  addition- to  the  establishment  of  sooting  limits,  as  determined  by  the  color 
of  the  flame  (luminous  yellow  versus  blue),  Wright  determined  the  concentrations  of  soot 
formed,  for  soma  limited  conditions- of  0/C  below  the,  soot  limit!  No  analysis  of  this 
"yield"  data  to  determine  soot  formation  kinetics  was  undertaken  but  it  is  recognized  that 
more  such  data  might  provide  ;the  basis  for  global  carbon  formation  chemical  model. 

MODELS  OF  SOOT  FORMATION 

Many  studies  on  spot  formation  have  been  carried  out,  buc  few  lead  to  quantitative 


predictions  of  soot  production,,  and  there  is  little  agreement  as  to  the  details  of  the 
mechanism-  Nevertheless,  there  seems  to  be  general  agreement  that  the  overall-  toot  formation 
reaction  is  triggered  by  hydrocarbon  pyrolysis  and  involves  subsequent  soot  nuclei  formation, 
soot  particle  formation,  and  particle  growth;  and  coagulation.  A  model  that  treats  these 
in  some  detail  has.  been,  considered  by  Jensen,  Ref.  25.  Application  of.  the1 model  to  a  methane 
flame  has  led  to  qualitative  agreement  with  experimental  observations!  Although  this 
approach  respresents  an  attempt  to  deal  with  the  problem  at  a  mechanistic  level  the  un¬ 
certainty  of  intermediate  species,  reactions  and  rates  requires  long  term  development  'to  pro¬ 
vide  quantitative  predictions.  Tesner,  et  al..  Ref.  26,  have  proposed  a -model  in  which  soot 
formation  is  characterized  by  three  rate  equations.  The  feature  of  the  model  is  that  ail 
the  complex  elementary  steps  associated  with  pyrolysis,  nuclei  formation  and  soot  formation 
are  grouped  into  three  subglobal  steps  which  are  characterized  by  three  separate  equations. 
The  model  includes  a  first  order  (with  respect  to  hydrocarbon  concentration)  pyrolysis  rate, 
a  chain  branching  and  chain  termination  rate,  and- a  soot  formation,  rate: 

Pyrolysis:  N6  =  10*3  NQe  “170,000/RT  i 

Nuclei  Formation  |pjr  =  NQ  +  (f-g)n  -  gQNn  2 

dN 

Soot  Formation  =(a-bN)n  3 

Values  of  the  kinetic  parameters  (f,  g,  gp,  a,  b)  for  acetylene  and  toluene  are  available, 
so  that  the  model  can  be  evaluated  through  comparison  with  experimental  data.  Comparisons 
with  data  developed  in  this  investigation  are  presented  later  in  this  paper.  Greeves,  et 
al. i  Ref.  27,  developed  a  model  using  diesel  engine  data  obtained' under  high  pressures. 

The  model  consists  o'f  a  single  global  Arrhenius  type  equation: 

f  =  4,68xl05'pric4e-4b>00°/RT  4 

Where  P.,c  and  <}>  are  the  local  partial  pressure  of  the  unburht  hydrocarbon  and  the  local 
equivalence  ratio,  respectively.  This  type  of  one-step  model  lumps  all  intermediate  re¬ 
actions  associated  with  nuclei  formation  and  soot  formation  into  one  rate- equation ,  and 
the  application  of  the  model  requires  knowledge  of  the  local  hydrocarbon  concentration 
and  the  unburnt  equivalence  ration 

Attempts  to  correlate  data  developed  in-  this  investigation  .with  Gre.eve' s  model ,  Equation 
4,  are  presented  in  this  paper. 


The  Greeves  and  Tesner  models  represent  the  essential  state-of-the-art  of  practical  soot 
prediction  methods.  However,  the  process  requires  information  on  certain  intermediates 
that  must  be  assumed  in  order  to  implement  these  models  in  a  strictly  predictive  mode.  This 
information  includes,  for  example,  the  local  hydrocarbon  and  oxygen  concentrations  as  well 
as  the  temperature.  In  addition,  net  soot  generation  requires  not  only  consideration  of 
soot  formation  but  its  oxidation  as  well.  These  factors  are  included  in  the  current  model 
development ! 

QUASIGLOBAL  MODEL 

The  essential;  feature  of  the  quasiglobal  concept  is  the  coupling  of  a  set  of  subglobal 
steps  to =a  set  of  detailed  steps  for  those  reaction  chains  for  which  sufficient  information 
to  accurately  describe  their  kinetics  and  mechanisms  exists.  The  basic  quasiglobal  model 
is  described  in  Ref.  28.  -In  addition  to  having  demonstrated  the  ability  of  the  quasiglobal 
model  to  predict  experimental-  observations  it  has  been  shown  to  be  ideally  structured  to 
account,  for  the  .variation  in  fuel  type,  i.e.  aliphatic  vs,;  cyclic,,  etc.  Of  particular 
interest;  here  is  the  current  work  on  fuel  rich  systems  for  which  this  basic  model  is  being 
extended*.  The  hew  model  includes  the  following  additional  subglobal  finite  rate  reaction 
steps  given  below  in  skeleton  form: 


Pyrolysis : 


CnHmBN  +  M  CxHy  +  M  +  BN 


(Ms  third  body) 


Partial  Oxidation:  C  H-  +  ;0o.  .CO  •’  H~ 
-  n  m-  2  i 

’  .  -C.  H„+  0o  -tTCO.  +  UA 


6 

7 


Soot  Formation: 


Soot  Oxidation: 


CnHm  *  C(s)  *  »2 

V-e(a)  +  «2 
?(,„)  +  V  00  +  ;^2 


8 

9 

10 


Where  BN  represents  the  bound  nitrc^n.  Reactions  5  through  10  are  coupled  to  detailed 
mechanisms  describing  the  rate  at  which  H,  CO- and  BN  are  converted  to  H„0,  C0„  and  NO  . 
The  rate  constants  for  the  subgldtoal  s,tep&  are  expressed;  ir.  modified  ArrShnius  form  ana. 
the  r,kte  of  production  (or  eonsuniption'!)  is  -g.iv.en. -by  expression  of  the  type: 

Cx  =  A  T\CB  exp  (-  E/RT) 

where  the  constants  A,  a,  b,  c  and  E  are  determined  through  controlled  experiments.  The 
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reactions  and  rates  associated  with  the  detailed  steps  are  based  upon  available  literature 
values. 

The  quasiglobal. -model  has  been  used  sucessfully.  for  high  energy  fuels,  such  as  shelldyne- 
H  and  Hi-methylcyclopentadiene,  as  well  as  ,for  conventional  fuels  such  as  propane  and 
JP-types.  The  versatility  of  this  approach  has  been  demonstrated  by  comparisions  with 
experimentally  determined  combustion  characteristics-  including  ignition  delay  times  for 
both  long  chain  and' cyclic  type  hydrocarbons  reacting  in  air.  For  example,  Figure  2  shows 
some  typical  results  of  such  a  .comparison  between  predictions  and  data  obtained  from  a 
steady  flew  reactor:  Figures  .3,  4;  5,  and  6  show' comparisons  of  predictions  with  current 
data  obtained  in  a  reactor  described' later.  Figures  3  and  4  compare  data  with  predictions  for 
Ok  and  .CO  concentrations.  The  agreement  between  the  predictions  and  the  data  is  very  good. 

6f.  particular  interest  are  the  CO  and  hydrocarbon  concentrations  since  they  both  relate 
to  efficiency  and  emissions,  while  the  hydrocarbon  concentration  relates  to  soot  formation. 
Figure  5  shows  the  CO  concentration  comparison  where  data  for  three  fuel  types  is  given; 
a  parafin  (isooctane),  an  aromatib  (toluene),  and  an- olefin  (ethylene).  While  there  are 
mbasureable  differences  amongst  the  fuel  types  the  prediction  for  the  CO  concentration  is 
reasonable,  noting  that  the  concentration  levels  are  in  percent.  What  is  significant  .to 
note  is.  the  minimum  in  CO  at  equivalence  ratios  between  .4  and  .6  depending  on  the  fuel. 

This  minimum  is  reproduced  by  the  prediction  and  is  associated  with  the,  approach  to  blow¬ 
out  at  the  low  equivalence  ratios  where  low  temperatures  (reduced  reaction  rates)  enhance 
incomplete  combustion,,  while  at  the  higher  equivalence  ratios  reaction  rates  increase 
since  temperature  is  increasing,  and  although  the  system  is  out  of  equilibrium,  the 
tendency  toward  equilibrium  is  consistent  with  the  water  gas  shift  reaction  tending  to 
increase  CO  (and  H20).  The  ability  of.  the  quasiglobal  model  to  predict  this  type  of  detail 
is  relevant  to  the  determination  of  "Optimum"  operating  conditions  and  to  scaling  to  other 
operating  conditions.  Of  equal  importance  to  the  CO  concentration  is  the  fuel  conversion 
and  Figure  6  shows  the  hydrocarbon  concentraiionlas  measured  arid  compared  with  predictions. 
The  comparison  is  favorable  considering  the  low  concentration  levels  of  fuel  existing  in 
the  system  under  the  particular  operating  conditions.  The  rapid  rise  in  the  hydrocarbon 
concentration  corresponds  to  the  approach  -to  blow  out  and  is  consistent  with  the  increase 
in-  CO.  previously  cited. 


The  examples  cited  above  were  used 'to  illustrate  some  of  the  features  of  the  quasiglobal 
model.  For  the  prediction  of  net  soot  generation  additional  information  related  to 
reactions  8,  9  and  10  is  required.  The  soot  model  is  constructed  in  terms  of  two  steps 
reflecting  the.. dependence  of  net  soot  generation  on  the  simultaneous  formation  and  oxidation 
of  soot  particles.  The:  soot  formation  rate  is  assumed  to  be  a  function  of  the  hydrocarbon 
concentration ,  the  oxygen?concehtration  and  the  temperature;  viz. 
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where  A,  b,  a  and  E  are  constants.  The  oxidation  step  is  based  upon  data  involving  the 
consumption  of  soot  (and  carbon) -particles,  in  oxidizing  environments,,  from;  for  example 
the  work  of  Lee;  Thring  and  Beer,  Ref.  .29,  and  the  work  of  Nagle  and  Strickland-Constable 
Refs.  30  and  31.  For  the  Lee,  Thring  and  Beer  model  the  rate  of  consumption  per  unit  surface 
area  is  given  by  Pn 

R~  =  1.085  x  104  — |  exp  (  -  — -fry---  ),  13 

c(s)  T*  RT 


where  PQ  is  the  partial  pressure  of  oxygen  in  the  mixture.  Reactions  12 , and  13  are 
combinea2  to  yield  the  net  rate  of  soot-production  as  a  function  of  hydrocarbon  and  oxygen 
concentrations- and  temperature.  The  constants  A„  a,  b,  a  and  E  have  been  determined  from 
experimental'  data  and' it  is  interesting  to  note,  that  net  soot  production  is  more  strongly 
dependent  upon  -the  Hydrocarbon  concentrations  that  on  the  temperature.  It  is  also 
■important  to  note,  as  will  be  discussed  later,  that  as  much-  as  20-25  percent  of  the  soot 
formed  ban  be  consumed  by  oxidation. 


EXPERIMENTAL  METHOD 


The  -experimental  program  focused  oh  a  study  of  the  soot  formation  process  using  the  Jet- 
Stirred  Combustor  (JSC),  shown  schematically  in  Figure  7.  This  device  is  a  modification 
of  the  Lorigwell-Weiss  reactor,,  Ref.  32,  with  hemispherical  geometry-;  The  JSC  has  been  used 
extensively  in  fluid  mechanic  and  combustion,  modeling  because  combustion  rates  are  limited; 
by  chemical  kinetics  as  opposed  to  transport  effects.  A  key  advantage  of  the  JSC  for.  the 
work  described  here  is  that  the  strongly  backmixed  nature  of  this  combustion  process  pro¬ 
vides  a  simulation) of  the  recirculating  characteristics  of  the  gas  turbine  primary  zone. 

It  is:  in  this  zone  iwhere  mixture  conditions  are  sufficiently  rich  to  produce  soot.  Con¬ 
sequently,  the  JSC  allows  study  of  soot  formation  in  an- aerodynamic  situation  relevant 
to  gas  turbine  systems.  Another  advantage  of  the  stirred  combustor  is  that  the  reactor 
'is  homogeneous  in  species  concentration' as  well  as  temperature;  each  operating  condition 
-is  characterized  by  a  single  set  of  temperature  and  concentration  data  rather  than  pro¬ 
files  of  these  parameters.  This  simplifies  the  tasks  of  obtaining  and  interpretating  the 
data. 

Details  of  the  experimental  apparatus  and  measurement  techniques  used  have  been  reported 
by  Blazowski,  Ref.  38.  The  measurement's  include  fuel  and  air  mass  flow  rates  and  fuel/air 
mixture  injection  temperature,  reactor  gas  sampled  and  reactor  internal  and  wall  temperatures. 
Both  gas-phase  and  particulate  sampling  systems  are  used,  providing  data,  oh  the  incipient 
soot  formation  equivalence  ratio  and  quantitative  data  on  ,soot  production  (mg  soot/liter). 


EXPERIMENTAL  RESULTS 

Detailed  experiments  were  conducted  using  the  Jet  Stirred  Combustor  to  determine  the  soot 
formation  characteristics  of  ethylene,  a  hydrocarbon- thought  to  ;pr6diice  combustion  infor¬ 
mation  representative  of  aliphatics,  and  toluene,  a  condensed-ring  aromatic.  Substantial 
differences  in  the  behavior  of  these  two  hydrocarbons  were  noted  and' a  number  of  -other 
hydrocarbons  were  studied  to  determine  whether  they  behaved  'as  CgH.  or  as  CRH,CH„.  Finally, 
the  soot  formation  characteristics  of  two-component  fuel  blends  and  practical°petroleumT 
derived  fuels  have  been  investigated.  ' 

Characteristics  of. Ethylene  and.  Toluene? 

Jet  Stirred  Combustor  experiments  with  ethylene  showed  that  CO  was  the  major  carbon- 
containing  species  and  remained  at  a  -concentration  of  about  twelve  mole  percent  for 
all  equivalence  ratios  tested.  Total  -hydrocarbons  increased  significantly  with  equivalence 
ratio  but  C02  decreased;  Oxygen  concentration  was  very  low  at  an  equivalence  ratio  of 
1.77  but  steadily  increased  at  higher  equivalence  ratiosr-an  indication  of  poor  reactedness 
as  the  mixture  was  further  enriched..  Further,  THC  concentrations  were  found  to  be  very 
significant  at  the  even  below  the  incipient  soot  formation  limit. 

For  toluene,  CO  was  again  found  to  be  the  predominant  species.  However,  a  substantial 
difference  between  the  data,  for  toluene  and  that  for,  ethylene  was  observed:  whereas  with 
toluene,  incipient  soot  occured  as  hydrocarbons  begin  to  "break  through"  under  rich 
operating  conditions,  the  soot  limit  for  ethylene  occured  at  conditions  where  hydrocarbon 
concentration  is  high  -  a  factor  of  36  times  that  for  toluene; 

Results  for  these  two  fuels,  described  in  detail  in  Ref.  33,  indicate  significant  differences 
between  the  soot  formation  process  for  ethylene  and  toluene: 

1. -  Toluene  soots  as  a  much  lower  equivalence  ratio  (1.35)  than 

ethylene,  (1.'95),  and  the  amount  of  soot  formed  with  increasing 
equivalence  ratio  beyond'  the  incipient  limit  is  much  larger. 

2.  In  the  case  of  ehtylene, -significant  amounts  of  hydrocarbons 
(^3-8%  .as  CH.)  were  present  at  equivalence; 'ratios  leaner  than 
the  soot  limit,  but -with  toluene  the  incipient  soot  limit 
corresponded  approximately  to  the  equivalency  ratio  for  the 
initial  presence  of  hydrocarbons,  in  .the  combustion  products. 

Sooting  Characteristics  tof  Other  Hydrocarbon  Types 

The  observations  for  ethylene  and  toluene  indicate  that  there  is  a  fundamental  difference 
in  the  soot  formation  mechanisms  for  these  two  fuels  under  the  strongly  tackmixed  conditions 
of  the  Jet  Stirred  Combustor .  These  findings  lend  support  to  the  possibility  of  developing 
•.useful  simplified  overall  chemical  kinetic  models  of  the  soot  formation  process  (quasi- 
global  models)  based, on  hydrocarbon  type.  In  order  to  further  develop  this  concept  a  large 
number  of  other  fuel  types  were  screened  to  determine  whether  their  sooting  characteristics 
were  similar  to  ethylene  or  toluene,  or  if  they  showed  characteristics  distincly.  different 
from  either  of  these  fuels. 


It  was  found  that  all  hydrocarbons  tested,  might  be  grouped  into  three  categories  as  follows: 


Like  CoH1 


Like  C^HjXHg, 


Unlike.  or  CgKgCH,. 


Hexane 

Cyclo-hexane 

N-octahe 

Iso-Octane 

1-octene 

Cyclo-octane 

Decalin 


O-xylene 

M-xylene 

PTxylehe 

Cumene 

Tetralih 

Dicyclopentadiene 


1-methyl-napthalene 


The  first  group  produced  large  amounts  of  exhaust  hydrocarbons  without  sooting  as  did 
ethylene  and  in  no  case  was  significant  soot  observed,  The  second  group  produced  soot  at 
the"  mixture  ratio  which  corresponded  to  hydrocarbon  breakthrough.  In  all  cases'  the 
measured  hydrocarbon  composition  was  less  than  one  percent  at  the  incipient  limit.  Another 
commonality  in  the  second  group  is  that  the  amount  of  spot  produced; as  equivalence  ratio 
was  increased  beyond  the  incipient  limit  was  similar  for  all  the  hydrocarbons.  1-methyl- 
napthalene  was  significantly  different  in  this  respect  producing  much  higher  soot  quantities 
than  tHoSe  in  the.  second  category. 

Sooting  Characteristics  of  Fuel. Blends 

Blends  of  iso-octane  and  toluene  were  tested  to  determine  the  behavior  of  a  two-component 
mixture  with  Group  1  (like-C2H4)  and  Group  2  (like-CgHgCHoJl  hydrocarbons.  These  results 
are  shown  in  Figure  8,  Mixtures  with  50  or  more  percent  toluene  produced  soot  while  a  25% 
toluene  blend  did  not.  Clearly,  for  the  mixtures  which  did  soot,,  increases  in  the  volume 
percent  toluene,  result  in  increased  soot  production  at  all  equivalence  ratios!  With- less1 
toluene  in  the  blend,  the  concentration  of  hydrocarbons  at  the  incipient  limit  tended  to  in¬ 
crease.  These  results  indicate  a  combination  of  Group  i  ard’  2  behaviors;  thus  a  combination 
of  the  analytical  descriptions,  for  toluene  and  isooctane  might  be  a  reasonable  approach  for 
prediction  of  the  Sooting  characteristics  pf  fuel  blends.  An  excellent  correlation  is  ob¬ 
tained  between  soot  concentration  and  hydrogen  content.  Fig.  9.  This  is,  in  direct  compliance 


with  actual  gas  turbine  tests,  Ref.  1.  The  similarity  between  sooting  characteristics  in 
the  JSC-  and  those  in  an  actual  combustor  is  evident. 

Mechanisms  of, .Soot  Formation 

Many  mechanistic  models  for  soot  formation  have  been  proposed.  Generally,  it  is  recognized 
that  condensed  ring  aromatic  hydrocarbons  can  produce  soot  via  a  different  mechanism  than 
do  aliphatic  hydrocarbons.  A  simplified-mechanism  following  Graham,  et  ai. .  Refs.  34  and 
35',  is- as  shown  schematically  in  Fig.  lOv 

Aromatic  hydrocarbons  can  produce  soot  via  two  mechanisms:  a)  condensation  of  the  aromatic 
rings  into  a  graphite-like  structure,  of  b)  breakup  to  small  hydrocarbon  lragments  which 
then  polymerize  to  form  larger,  hydrogen  deficient  molecules  which  eventually  nucleate  and 
produce  soot.  Based  on  his  shock  tube  studies  of  soot  formation Graham  concludes  that 
the  condensation  route  is  much  faster  than  the  fragmentation/polymerization  route.  Further, 
’he  has  found  that  the  mechanism  by  which  an  aromatic  forms  soot  changes  with  temperature; 
below  1800  K  the  condensation  .path  is  favored  while  above  this  temperature  the  fragmentation/ 
polymerization  route  is  followed. 

According  to  this  simple  model,  aliphatics  produce  soot  via  the  fragmentation/polymerization 
mechanism  only.  As  a -result.,  these  hydrocarbons  do  not  form  the  quantities  of  soot  pro¬ 
duced  by  the  aromatics.  Indeed,  during  the  fuel  rich  combustion  of  a  fuel,  blend  composed 
of  Uromatihs  and  aliphatics  at  ,a  temperature  less  than  1800  K,  the  aromatic  hydrocarbons 
woulS; produce  the  major  portion  of  sodt.  Combustion  of  the  aliphatic  portions  of  the  fuel 
would-  influence  temperature  and  hydrocarbon  fragment  concentration  but  soot  formation  via 
fragmentation/polymerization  would' be- minimal.  '  Above  1800  K,  however.,  both  the  aliphatic 
and  aromatic  hydrocarbons  would  produce  soot  via  the  fragmentation. ./polymerization  route. 

The  experimental  results  obtained  in  the  present  work  are  consistent  with  this  model.  It 
has  been  observed  that  soot  formation  with  the  condensed-ring  aromatic  fuels  commences 
with  the  initial  presence  of  hydrocarbons  in  the  exhaust.  If  it  is  assumed  that  these 
breakthrough  hydrocarbons  maintain  their  aromatic  character,  this  observation  reflects 
the  fast  kinetics-  of  the  ring-building  or  condensation'  reactions.  On  the  other  hand,  the 
aromatic  molecule  may  be  an  effective  source  of  C2H2  -and  high  concentrations  of  acetylene 
as  fuel  pyrolysis  occurs  may  be  responsible  for  extensive  soot  production.  Further,  the 
results  for  T-methyl-napthalene  indicate  that  a  double-ring  aromatic  provides  the  most 
rapid  soot  formation,  of  the  hydrocarbons  studied.  This  observation  is  also  consistent 
with  either  the  ring  building  view  ( i . e . ,  the  first  ring-joining  has  already  occured)  or 
the  polymerization-lnechanism  (i. e. ,  even -higher  amounts  of  C2H2  arc  present  in  the  pyrolysis 
zone). 

These  comparisons  are  not  intended  to  establish  the  validity  of  any  thepry,  but  arc  noted 
to  illustrate  that  the  results  obtained  in  this  work  complement  existing  simplified-  views 
of  the  soot  formation- process.  Most  importantly,  the  current  results  lend  support  to  the 
utility  of  the  approach  of  .quasi  global  modeling  of  the  soot  formation  process  for  various 
categories  of  hydrocarbons. 

COMPARISON  OF  DATA  WITH  PREDICTIONS 

The  majority  of  the  soot  data  obtained  to.  date  has  been  on  fuel  rich  combustion  of  toluene/ 
air  mixtures.  Initially,  predictions  based  upon  the  models  of  Tesner  and  Greeves  were 
made  and  compared  with  the' measured  soot  concentration  data,  Fig.  11.  Although  the 
Greeves  model  exhibits  the  sensitivity  to  inlet  equivalence  ratio  shown  by  the  data  neither 
of  the  two  models,  adequately  represents  the  experimental  observations.  The  disparity 
between  the  current  data  and  Greeves  and  Tesner  models  has  not  been  fully  reconciled. 

However-,  ah  examination  of  their  methods  for  obtaining  rate  constants  suggests  that  they 
may  have" been  influenced  by  aerodynamic  effects. 

The  current  model  is  based  upon  a  broader  base  of  data  then  v.he  previous  models  had 
available  and  is  structured  to  separately  account  for  pyrolysis  and  partial  oxidation 
of  the  fuel  as  well  as  oxidation  of  the  soot.  For  the  present  purposes  Eqs.  12  and  13 
are  combined  into  a  model  for  net  soot  emission  from  a  perfectly  stirred  reactor,  viz. 

,s  = 


where  jHc]  and  (o2j are  the  molar1  concentrations  of .the  hydrocarbon  and  molecular  oxygen, 
p  is -the  mixture  density ,  p  is  the  soot  density,  m  is  input  flow  rate,  V  is  , the  reactor 
volume  and  d  is  the  soot  particle  diameter.  Tentative  values  for  the  remaining  rate 
parameters  are: 

A  =  5.0  x  1013  a  =  0.5 

a  =  -2  'E  =  32  j 000,  .cal. /mole 

b  =1.75 

Figure  12  shows  the  comparison  of  the  present  model  predictions  with  data,  based  upon  a 
soot  particle  size  of  250p.  The  air  flow  rate  range  covered  by  the  data  corresponds  to 
a  residence  time  range  of  from  about  3  to  7  milliseconds.  It  should  be  noted  that  large 
scale  unmixedriess  effects  are  the  probable  cause  for  the  discrepency  observed  at  $=1.9 
for  the  air  mass  flow  rate  of  50  giri/min.  This  point  corresponds  to  incipient  blowout 
where  unsteadiness  is  observed,  However,  the  results  -in  general  are  very  encouraging 
and  seem  to  support  the  coicept  of  modeling  soot  emissions  in  terms  of  the  major  species 
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present  in  , the  flame.  Furthermore,  the  effect  of  soot  oxidation, can  be  significant.  The 
predicted  reduction  in  soot, emissions  ranges,  from  20-25%  at  the  high  air  flow  rate  (short 
residence  time),  down  to  9-13%  at  the  lowest  air  flow  rate  (longest  residence  time).  These 
results  represent  the  first  known  gttempt  to > characterize  net  soot  generation  from  a 
stirred  combustor.  Work  in  progress  is  designed:  to  provide  information-  for  validation 
of  the  models  over  wider  ranges  of  operating,  conditions  including  above  atmospheric 
pressure  levels  and  oh  mixtures  of  fuel  types.  Development  of  the  overall  quasiglhbal 
model  represents  the  major,  goal  of  this  chemically  related  element  *6f  the  program. 

PHYSICAL  PROCESSES 

Combustor  modeling  provides  a  means  to.  obtain  a  quantitative  understanding  of  primary 
combustion  phenomena,  such  as  liquid  fuel  droplet,  vaporization  and  burning,  solid  particle 
burning,  gis  phase  chemical  reaction  kinetics,  radiation  heat  transfer  from  combustion- 
products;  and  mixing  of  reactants  and  combustion  products.  These  processes  are  defined 
by  the  interaction  of- a  number  of. .mechanisms  which  are  conveniently  described  in  terms 
of  physically  or  chemically  related  processes.  The  physical  processes  are: 

1.  Liquid  fuel'  injection-  and  atomization- 

2.  Spray  .penetration  and  spreading 

3.  Droplet, -breakup 

4.  Droplet,  evaporation 

•5.  Heat  transfer  by  radiation  and  convection 

6.  Aerodynamic  flow  patterns 

7.  Turbulent  mixing 

and  the  chemical  processes  include: 

1.  Pyrolysis 

2.  Bound  nitrogen  conversion 

3.  Dropwise  combustion 

4.  Gas  phase  oxidation 

5.  Particulate  formation 

6.  Particulate  oxidation 

In  this  paper  we  have  emphasized  the  modeling,  of  the  chemical  processes  listed  above,,  but 
although  we  have  grpuped  these  processes  separately  they  are  mutually  coupled  in  the 
combustion,  process.  It  is. the  treatment  of  this,  coupling  that  is  the  task  of  combustor 
modeling. 

The  concept  of  modular .modeling,  provides  a  rational  framework  for  the  development  of 
engineering  models  of  combustor  ilowfields,  and  it  is  this  concept  that  is  being  used 
in  the  work  outlined  in  this  paper.  Fundamentally,  modular  modeling  involves  delineating 
characteristic  regions  of  a  combustor  flowfield,  treating  each  region  in  detail  using 
a  technique  appropriate  zo  its  characteristics,  and. .coupling  these  treatments  together 
through  thefr  boundary  conditions  (Refs.,  36,  37,  ,38).  The  characteristic  regions  may 
be  defined  by  their  sod Ze,  for  example,  in  the  treatment  of  fuel  injection  phenomena  for 
which  an  appropriate  scale  is  related  to  the  size  of  the  injector  orifice,  or  by  their 
fluid  dynamics ■,  as  in  the  representation- of  recirculation  zones  as  opposed  to  regions  in 
which  there  is  a  characteristic  flow  direction. 

Gas  turbine  combustors  involve  fuel'  and  dilution  air  injection  regions,  recirculation 
regions,  and  regions  in  which  a  single  characteristic  velocity  field  exists.  In  early 
modular  model  formulations,  Refs.,  39  and  40,  these  combustors  were  represented  by  a 
combination  of  plug-flow  reactors,  well-stirred, reactors,  or  both,  with  the  interconnection 
between  model  elements  supplied  -by,  empirical  information.  The  modular  model  used  in 
this  work  differs  in  two  major  ways  from  these  early  formulations:  detailed  flowfield 
modeling  replaces  the  one-dimensional  plug  flow  reactors  of  the  early  ;models,  and  the 
coupling  between  model  elements  is  computed  rather  than  empirically  specified.  Thus 
far  more  detail  can  be  obtained  from  the  model,  results,  providing  a  greater  quantitative 
understanding  of  the  .primary  combustion  phenomena  described  at  the  beginning  of  this 
section. 

-In  the  modular  formulation  described  in;  Refs.  36,  37,  38,,  the  combustor  flowfield 
characteristic  regions  are  regions  of  recirculating  flow,  and  regions  in  which  a 
characteristic  flow  direction  can.  be  assigned:  directed  flow  regions,  The  recirculating 
flow,  is  characterized  as  a  weil-stirred  reactor,  while  the  directed  flow  is  described 
using  a  detailed  solution  of  the  boundary-:  layer  form  of  the  governing  equation.  This 
is  not,  however,  the  only  way  in.  which  the  model  formulation  can  be  carried  out,  For 
example,  a  detailed  calculation  of  the  overall  combustor  flowfield  can  be  carried  out, 
using  simple  overall-  reaction  models  to  characterize  the  combustor  heat  release,  and 
then  coupled  to  a  detailed  chemical  kinetics  treatment  in- .regions  of  the  combustor  in 
which  the  flowfield  solution  shows  a  detailed  treatment  is  required.  In  this  way,  a 
modular  formulation:  based  on  reaction  kinetics  is. obtained;  This  type  of  modular  model 
is  described  by  Swithenbank,  A.  Turan,  and  P..  G.  Felton  in  paper  No.  2  of  .this  meeting;  a 
similar  approach  is  being  used  in  the  work, outlined'  here  to> assist  in  the  development 
of  the  modular  forraulatio.ni'described  in  Refs.  36,  37,  38-. 
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The  information  being  generated  in  this  program  provides  ail  improved  understanding  of 
the  processes* important  to  alternate  fuels  utilizations  The  "end  item"  is  ah  analytical 
model  which  allows  prediction  of  fuel  effects* in  various: 'types  of  continuous  combustion 
devices,  particularly  gas  turbines.  Such  a  development  will  provide  combustor  designers 
with  a  tool  to  develop  fuel  flexible  combustion  systems  which  can  utilize  synfuels  which 
are  produced  with- minimum  refining/upgrading  and,  hence,  minimum  cost  and- energy  consumption 
during  refining. 
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Figure- 1.  Effect  of  Pressure  and- Mixture’  Strength 

_ _ On  Soot  Formation _ _ _ _ _ 

"(S  denotes  flame' stability  limit,  -T  the 
soot,  formation  threshold,  and'.niimbers 
indicate  conditions  producing  a .constant 

"soot  formation  ratio")  From  Reference  37 
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Figure  2.  Experimental  Ignition  Delay  Time  Data  - 
Comparison  with  Qua^tglobal’  Kinetics 
Predictions  for  Aliphatic  and  Cyclic 
Type  Hydrocarbons 
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Figure  3.  Comparison  of  Predicted1  and 
Measured  02  Concentration, 
Isooctane. 
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Figure  4\  Comparison  of  Predicted  and 
Measured  CO„  Concentration, 
Isooctane. 
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Figure  5.  Comparison  of.  Predicted,  with 
Measured  CO«Concentr,atiQns. 
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Figure  6.  Comparison  of  Predicted  and  Measured 
Hydrocarbon  Concentration,  Isooctane. 
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Figure  7.  Schematic  of  Jet  Stirred 
Combustor. 
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Soot  Production  vs.  Equivalence  Ratio 
for  Toluene  and  Toluene/Iso-Octane 
Blends  at  300  C  Inlet  Temperature 
and  112.5  gm/min  Air  Flow. 
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Figure  9.  Dependence  of  Soot  Production  on 
Hydrogen  Content  of  Toluene/ 
Iso-Octane  Blonds. 


Figure  10.  Simplified  Soot  Formation  Mechanism. 
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Figure  IT.  Comparison  of  Greeves  and  Tesner  Model  with  Soot 
Production  Data. 


Figure  12.  Comparison  of  Present  Model  Prediction  with  Soot 
Production:  Data  For  Toluene /.air-  Mixtures, 
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Fig.  13  Correlation  of  soot  production  data  with  hydrocarbon  concentration 
(Shaded  data  points  indicates  operation  beyond  rich  blowout) 


DISCUSSION 


A.M.Mellor,  US 

In  your  mechanism  is  CnHm  a  paraffin  and  CxHy  an  aromatic? 

Author’s  Reply 

The  parent  fuel  (C,,Hm)  is  an  aromatic.  The  fuel  manufactured  by  the  pyrolisis  of  CnHm  is  anticipated  to  be  a 
mixture  of  aliphatic  and  cyclic  hydrocarbons.  However  it  is  worth  noting  that  if  the  parent  fuel  is  a  mixture  of  an 
aromatic  (toluene)  and  a  paraffin  (iso-octarie)  the  sooting  behaviour  tends  to  follow  the  characteristics  of  the 
aromatics,  i.e.  soot  is  observed  to  occur  at  hydrocarbon  break-through  (see  Figure  8).  Measurements  to  be  made  in 
our  program  will  define  the  manufactured' fuel  (CxHy)  and  will  serve,to  delineate  the  relationship  between  the 
parent  fuel  type, and  the  hydrocarbon  product. 

J.Swithenbank,  UK 

Could  you  comment  on: 

(1)  The  suggestion  by.  C.Moses  that  soot  formation  is  governed  by  the  total  Hydrogen  content  of  the  “fuel” 
including  fuels  emulsified  with  water,  and  the  implied  role  of  OH  in  the  overall  soot  formation  mechanism. 

(2)  The  effect  of  pressure  on  soot  formation  as  predicted  by  your  model. 

Author’s  Reply 

(1 )  The  results  I  have  shown  (see  Figure  9  of  the  paper)  tend  to  confirm  what  Moses  inferred  from' his  radiation 
measurements.  However,  Figure  9  shows  a  family  of  curves  with  equivalence  ratio  as  the  parameter  while 
Figure  13  shows  soot  production  to  be  a  unique  function  of  the  hydrocarbon, content  in  the  reaction  zone. 
Regarding  the  effect  of  OH,  which  will  be  influenced  by  added  water,  its  present  Will  affect  the  intermediate 
species  concentrations  relevant  to  the  formation  of  soot  and  consequently  will  affect  the  hydrocarbon  content. 
In  addition,  it  has  been  suggested  that  OH  plays  a  direct  role  in  the  gasification  of  soot  particles  so  that  the 
net  soot  emissions.appears  to  be  a  complex  function  of  the  OH  radical  as  well  as  other  intermediate  hydro¬ 
carbon  fragments. 

(2) '  Our  soot  production  result  is  quite  sensitive  to  pressure  as  seen  in  Equation  14.  However,  the  actual 

dependence  on  pressure  is  r  function  of  the  concentration  of  the  hydrocarbon  and  oxygen  and  of  the  tempera¬ 
ture  which  are  coupled  in  the  quasiglobal  model.  This  is  a  subject  of  our  continuing  program  and.it  will 
include  experiments  over  a  range  of  pressure  levels. 
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SUMMARY 

Chemical  kinetic  modelling  of  combustion  in  practical  energy  production  systems  is 
difficult  for  several  reasons.  First,  very  little  information  is  available  concerning 
the  mechanistic  details  of  fuel  pyrolysis  and  oxidation  for  most  typical  hydrocarbons 
fuel's.  Secondly,  in  those  few  cases  where  many  of  the  elementary  reactions  are  known, 
rate  data  are  generally  unreliable  or  completely  unknown.  Finally,  the  large -sets  of 
chemical  rate  equations  .which  arise  are  difficult  and  expensive  to  solve,  even  on  the 
most  powerful  computers,  when  they  are  intimately  coupled  with  fluid  dynamics.  As  a 
result  of  these  considerations,  the  conventional  approach  in. many  cases  has  been  to 
use  greatly  simplified  Chemical  kinetics  models  which  avoid  many  of  the  above  problems 
by  confining  attention  only  to  the  overall  rates  of' fuel  consumption  and  heat  release. 
While  extremely  useful  for  interpretive  calculations,  this  type  of  approach  has  been 
found'  to  have  certain  significant  limitations.  The  simplified  models-do  not  extra¬ 
polate  well" to  conditions  outside  those  for  which  the  model  itself  was  derived,  quen¬ 
ching  phenomena  and  pollutant  formation  are  poorly  described,  and  other  results  com¬ 
puted  by  such  models  can  be  misleading. 

This  paper  describes  the  results  of  a -systematic  program -designed  to  produce 
kinetic  models  for  practical  fuels.  There  are  two  principal  goals  to  this  work,  both 
of  which  are  immediately  relevant  to  efficient  combustor  design;  The  first  goal  is 
the  construction  of  detailed  reaction  mechanisms  for  the  oxidation  of  typical  hydro¬ 
carbon  fuels,  and  the  validation  of  these  mechanisms  through  careful  comparisons  be¬ 
tween  computed  and  experimental  data.  These  mechanisms  are  strongly  hierarchical, 
with  reactions  for  complex  fuels  containing  subsets  which  describe  the  combustion  of 
chemically  simpler  fuels.  Progress  to  date  includes  relatively  complete  descriptions 
of  carbon  monoxide, hydrogen,  methane,  ethane,  ;and' methanol  oxidation.  In  the  develop¬ 
ment  and  verification  of  these  reaction  ^mechanisms  we  have  attempted  to  use  data  from 
a  variety  of  experimental  sources,  including  flow  reactor  techniques,  at  intermediate 
temperatures  (900  -  1300  K)  and  shock  tube  results  for  high  temperatures  (1300  -  2200K) . 
In  addition,  ranges  in  fuelvair  equivalence  ratio  between  very  lean  (>)>  <  0.1)  through 
stoichiometric  to  very  rich  (4>  >  5)  have  been,  considered,  -all  intended  to  make  the 
models  derived  in  this  study  as  general  as  possible. 

In  addition  to  the  direct  utility  of  detailed  kinetic  models,  such  descriptions 
are  very  useful  in  the  derivation  and  validation  of  appropriate  simplified  reaction 
schemes  for  practical  fuels.  Simplified  models  derived  from  detailed' mechanisms  are 
potentially  more  general  than  those  derived  entirely  from -experimental  correlations. 
Furthermore,  the  additional  kinetic  insight  gained  by  this  approach  can  also  provide 
additional  insight  into  the  operating  choraltistics  of  simplified  mechanistic  methods. 


INTRODUCTION 

Numerical  modeling  is  rapidly  becoming-  ah  essential  part  of  many  combustion  re¬ 
search  programs.  For  a  number  of  years  numerical  models  have  been  used,  to  assist  in 
the  interpretation  of  specific  laboratory-scale  experiments.  In- addition,  computer 
analysis  of  idealized  problems  has  provided  useful  insight  into  combustion  -problems 
which  have  been  too  complex -to  approach  on  an  experimental  -basis.  Yet,  the  eventual 
goal  of  more  recent  numeribal  work  is  the  construction  of  representations  which  can 
assist  directly  in  the  design  of  practical  combustors,  i.e.  which  would  be  predictive 
as  well  as  interpretive.  Given  the.  wide  range  of  operating  parameters  experienced;  in¬ 
most  conventional  combustion  situations,  .it  is  clear  that  a  suitable  physical  and  nu¬ 
merical  model  for  each  of  the  many  physical  arid  chemical  processes  (atomization,  vapori¬ 
zation,  turbulence,  heat  transfer,  chemical  kinetics,  etc.)  must  be  embodied  in  this 
representation.  These  "sub  models"  must  predict  the  independent  phenomena-  as  -well  as 
the  correct  coupling  of  various  physical  and  chemical  processes  (e.g.  turbulence  and 
chemistry);  Furthermore,  calculations  must  be  reliable  even  in  parameter  ranges  where 
experimental  data  are  not  available  to  validate  the  predictions.  Such  numerical  -tools 
can  be  exceedingly  valuable,  reducing  both  the  cost  arid  the  time  required  for  the  de¬ 
velopment  of  combustion  , systems.  Here  we  wish  to  focus,  on  some  aspects  of  the  construc¬ 
tion  of  the  submodel  for '•combustion  chemistry. 

It  should  be  recognized  from  the  beginning  that  -regardless  of  the  apparent  sophis¬ 
tication  of  some  representations,  all  existing  chemical  kinetic  models  are  in  a  -real 
sense  only  approximations .  Even,  the  most  detailed  elementary  chemical  kinetic  mech¬ 
anisms  which  have  been  developed  (e.g.  those  for  H2»  CO,  CH4  oxidation)  are  constructed 
on  the  basis  of  reproducing  observable  phenomena  which  are  not  all-encompassing.  For 
more  complex  fuels,  only  limited  kinetic  iriformation  is  available.  Indeed  in  the  case 
of  aromatics,  ejsen<  thih  important  species  and  elementary  reactions  remain  in  doubt.-  Fur 
thermore,  the  evaluation;,  of  specific  rate  constants  (or  overall  reaction)  over  ranges 
of  temperature  arid  pressure  adequate  for  combustion  modelling  is  ah  ever  present 


potential  source  of  error. 

In  the  following  sections  <we  shall  discuss  several  techniques  for  describing  the 
chemical -kinetic  behavior  of' combustion  phenomena.  At  the  simplest  level  have  been  the 
use  of  flame  speed  or  single  step  heat  release  correlations.  Such  correlations  may  be 
cast  as  global  or  overall  rate  equations.  For  example,  Butler  et  al.  [1]  have  repre¬ 
sented  the  combustion  of  n-octane  as 

2  CgH18  +  25  02  +  16  C02  +  18  H20 

(pf ) c  =  ”9-38  x  10llpf Pq^  exp  g/cm3  s 

where  the  subscript  f  refers  to  the  fuel  and  the  subscript  c  indicates  the  change  in 
partial  density  due  only  to  chemical  reaction.  Even- simpler  in  kinetic  terms  is  the 
specification  of  the  ratfe  of  reaction  as  a  function  only  of  time.  The  functional  de¬ 
pendence  is  derived  from  experimental  data  arid  used  as  input  to  the  overall  model.  An 
example  of  this  type  of  description  is  -given  by  ' Blumberg  [23  for  combustion  in  stratir 
fied  charge  engines,  where  the  fraction.?'  of  the  mass  which  is  burned,  expressed  as  a 
function  of  crank  angle  8,  is  given  : by, 

“(8)  =  i/2  (l  -  cos  (!^)) 

where  A0C  is  the  interval  over  which  .the  combustion  is  assumed  to  take  place.  These 
approaches  have  been- frequently  employed  in  combustion  modeling  and  have  often  been 
found  to  be  adequate  for  interpretive  calculations  of  overall  system  performance. 

However,  description  of  hydrocarbon  combustion  chemistry  in  substantial  detail  is 
required  when  considering  a  number  of  other  practical  combustion  problems  of  current 
interest.  These  includes 

•  Transition  to  fast  chemical  reaction 

a)  spark  ignition 

b)  compression  ignition 

c)  engine  detonation 

d)  transition  from  deflagration  to  detonation 

e)  explosion. 

•  Flame  quenching  and  hydrocarbon  emissiqn 

a)  by  walls 

b)  by  charge  stratification 

c)  by  rapid  expansion* 

•  Flame  inhibition  and  extinction. 

•  Fuel  nitrogen  conversion 

•  Thermal  N0x  production  within  fiame, -structures 

•  S02/S03  conversion  in  post-flame  gases 

•  Soot  formation,  particularly  for  aromatics 

•  Soot  oxidation 

•  Catalytic  .processes 

In  these  areas,  the  chemistry  and  other  submodels  are  generally  coupled  closely,  and 
fluctuations  in  local  enthalpy  and  species  concentrations  become  important.  Indeed,  one 
probably  cannot  suitably  model  turbulent  combustion  without  a  detailed  treatment  of  the 
combustion  chemistry.  However,  we  shall  for  this  presentation  exclude  consideration  of 
kinetic/turbulence  coupling.  The  importance  of  this  problem,  is  clearly  recognized.  It 
has  more  recently  been  common  to  attempt  validation  of  turbulent  combustion  models  in 
which  the  chemistry  submodel  is  known  to  be  unrealistic.  We  believe  the  problem  cannot 
be  defined  adequately  without  first  assembling  turbulence  and  chemistry  models' which 
correctly  predict  uncoupled  phenomena  ." 

In  addition  to  difficulties  in  constructing  a  detailed  chemical  model  its  use  is 
limited  by  several  severe  problems  associated  with  the  computer  solution- of  the  coupled 
chemistry/fluid  mechanics  equations.  These  problems  are  all  related  to  the  fact  that 
eveh  the  best  current  scientific  computers  have  size  and  speed  limitations  which  cannot 
be  neglected.  In- the  most- direct  method  of  formulation,  the  concentration  of  each  chemi¬ 
cal  species  in  the  reaction  mechanisms  is  represented  by  a  single  differential  equation; 
common  techniques  then  replace  this  differential  equation  with  a  finite  difference  equa¬ 
tion.  If  the  problem  is  one  in-which  only  chemical  kinetich  need  be  considered,  ne¬ 
glecting  spatial  variations  of  physical  quantities,  then  the  number  of  equations  to  be 
solved  is  equal’  to  the  number  of  species,  together  with  an  equation  for  energy  or  en¬ 
thalpy.  Such  sets  of  coupled  difference  equations  (coupled  through  nonlinear  reaction 
rate  termu)  are  already  often  difficult  to  solve  in.  an  efficient  and  accurate  manner. 
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When  spatial  variations  of  all  quantities  are  included  in  the  model,  then  difference 
equations  for  all  species  and  the- energy  must  be «solved--at  each  point  in  the  physical 
domain,  usually  represented;  by.  a,  finite  difference  spatial  mesh.  The  total  number  of 
equations  to  be  solved,  the  amount  of  computer  time  required,  and  the-  computer  storage 
requirements  increase  very  rapidly;  All  of  these  limits  are  severely  tested  even  for 
applications  in -which  the  spatial  variations  are  limited  to  one  dimension.  For.  problems 
with  two-- and  three-dimensional  spatial  variations  reaction  mechanisms  wi.th  many  chemi¬ 
cal  species  (>10)  are  probably  too  slow  and  expensive  in  terms  of  computer  requirements. 
This  is  particularly  true  if  one  needs  to- perform- any  type  of  parametric  numerical  study. 
Thus,  some  kind  of  mechanism  simplification  must  ;be- considered  for  these  cases. 

These  simplified  mechanisms  o’ften  lie  between  the  two  extremes  of  model  complexity 
discussed  above,  and  in  addition  to  identifying  some  of  the  key  properties  and  limita¬ 
tions  of  detailed  and -global  reaction  models  we  shall  discuss  at  some  length  one  of  the 
more  popular  simplification  approaches  which  have  been  proposed.  The  discussions  below 
depend  heavily  on  our.  earlier  work  ;I3 ,4 ,5 ,6 ,7 ,8,-9]  to  illustrate  these  characteristics. 

Let  us  begin  by  first  addressing  the  most  complex  approach,  that  of  detailed  mechanistic 
modelling. 

DETAILED  KINETIC  MECHANISMS' 

Table  I  gives  an  example  of  a  comprehensive  detailed  chemistry  model .  This  reaction 
mechanism  for  methanol  oxidation  which  we  have  recently  derived. [3],  accurately  repro¬ 
duces  observed  experimental  chemical  kinetic  behavior  for  various  experiments  over  the 
temperature  range  1000-2180  K,  the  pressure  range  1-5  atm,  and  the  equivalence  ratio 
range  O'. 05-3.0. 

Examination  of  Table  I  provides  some  insight  into  the  structure  of  detailed  mech¬ 
anisms  for  hydrocarbon  oxidation.  The  methanol,  oxidation  mechanism  consists  of  84  ele¬ 
mentary  reactions  (each  of  which  includes  a  finite  rate  in  both  the  forward  and  reverse 
directions)  involving  25  chemical  species;  If  NOx  chemistry  were  to  be  considered', 
another  4  species  (N,  NO,  NO2,  N2O)  and  10-15  reactions  would  be  required.  Considera¬ 
tion  of  fuel.-bound  nitrogen  in  the  form  of  NHi"or  HCN  would  require  a  further  enlarge¬ 
ment  of  the  mechanism.  ...  _ 

Reactions  40-56  provide  a  reasonably  .complete  description  of  H.2-O2  mixtures,  and 
together  and  with  reactions- 36-39  are  adequate  to  describe  carbon  monoxide-oxidation 
in  the  presence  of  water  vapor.  Experiments  carried  out  In  the  Princeton (University 
turbulent  flow  reactor,  for  CO  oxidation  (10)  at  atmospheric  pressure  and  ~ 1000  K  have 
been  accurately  described  with  this  reaction  '.mechanism  (7).  Figure  1  compares  experi¬ 
mental  and  calculated  results  for  the  temperature,  CO  mole  fraction,  and  CO2  mole  frac¬ 
tion,  all  plotted  as  functions  of  distance  (time) "from  the  plug  flow  reactor  inlet. 

The  agreement  between  computed  and- experimental  data  for  this  one-dimensional  reaction 
zone  is  excellent  (Fig.  lb)..  It  is  interesting  to  note  that  when  reactions  involving 
H02> and  H2Q2  .(Reactions,  44:  and  46-53)  are  omitted  from  the  reaction  mechanism,  .the  mo¬ 
del  predictions  do  not  agree.' well  with  experiment  (Fig.  la).  The.  importance  of  HO2  and 
H2Q2  in  CO  systems  Has  not  been,  commonly. appreciated  [6] ,  but  it  is  clear  ’from  Fig.  1 
that  even  the  relatively  simple  case  of  COoxidation  is,  substantially  modified  by  these 
reactions.  It  has  often  been  suggested  that  these  reactions- are  uriimportant'in  combustion- 
systems  at  temperatures  above  1000  K.  However,  recent  work  [6]  has  shown  that  these 
species  remain  important  for  temperatures  up  to  1800  K  at  elevated  pressure  ,(P  >  10  atm) . 
We-.have  also  recently,  noted  a  key  role  these  species  play  in  determining  the- 'pressure  de¬ 
pendence  of  laminar  flame  velocity  (9h; 

Reactions  Ilt35  and  57-84,  together  with  the  CO-H25O2  mechanism,  comprise  a  methane 
oxidation  mechanism  which  has  been  used  to  describe  turbulent  flow  reactor  results  [7], 
Typical. results  are  shown  in  Fig.  2.  In-  this  'Study  it  was  found  that  even  for  very  lean 
(<j>  =  0,05)  methane;  oxidation,  it  is  important  to  include  methyl  radical  recombination 

CH3  +  CH3  -  C2Hg 

and  .ethane  oxidation  reactions.  The  methane  pxidation  mechanism  has  been  further  applied 
to.' studies  of  the.  shock  tube  ignition  of  mixtures  of  methane  and  ethane  [8,11]  in  order 
toi, assess  the  possible  dangers  of  detonability  in  mixtures  of  liquified  natural  gas  (LNG) 
and  air;  Some  of  these  results  are  shown  in  Fig.  1,  in  which- (he  ignition-  delay  time  f 
of 'a  shocked  gas  sanple  is  plotted  as  a  function  of  reciprocal '  temperature.  The  upper 
solid  line  represents  experimental  data  for  stoichiometric  methane-air  and  the  lower  solid 
line  for  stoichiometric  ethane-air.  Computed  ignition  delay  times  for  stoichiometric 
mixtures  of  methane-e(thane-air  are  shown  as  dashed  lines.  This  study  again  confirms  that 
ethane  formation  and '.oxidation  is  an  essential  part  of  the  methane  oxidation  mechanism; 

There  are  several  general  observations  to  be  made  with  respect  to  the  detailed  re¬ 
action,,  mechanism  for  nethane.  First,  it  should  be  noted  that  as  a  result  of  the  diffi¬ 
culty;  with  which  methyl  radicals  are  oxidized,  there  are  complexities  in  the  oxidation 
of  even  this'  simple  fuel  molecule,  When  these  effects  are  included  it.  is  possible  to 
reproduce  experimental  data  for  a  wide  variety  of  conditions,  ie  for  both  flow  reactor 
and  shqck  tube  environments.  Unfortunately,  the  strong  dependence  of  the  radical  pool 
on  the  methyl  radical  oxidation, /'reactions'  is  .uncharacteristic  of  larger  alkyl  hydrocarbon 
oxidation,  processes.  Thus  the  .resulting  long  induction  period  and  oxidation  character  of 
methane;. do  not  closely  simulate  the  combustion  properties  of  conventional  liquid  fuel 
components. 
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Computed- results-  for -methane  oxidation  indicate  several  distinct  phases  or  steps 
during  which  different  reaction  groups  .control  the  overall  rate  of  oxidation.  After 
the  induction  phase  there  is  a  period- during  which  fuel  is  rapidly  converted  primarily 
to  CO,  followed  by- a  phase -dominated- by  the  oxidatibn  of  CO,  to  CO2  (?ig.  2),.  The  maxi-r 
mum  CO*  mole  fraction  occurs  at  a  d.i  stance.of  approximately  50;. cm  from  the  inlet  end  of 
the,  cylindrical  duct.-  Other  major  intermediate  species  reach  their  maximum  values  at 
different  locations.  Some  of  these  are,  CH2O  (20  cm)V.  P2H5  (30  cm),,  C2H4  (40  cm)  and  B2 
(45  cm) .-  Using  the  rate  expressions  in  Table  I,  at  flow  reactor  temperatures ,  k(CH20  + 
OH)  >k (C2H6:  +  OH)  >]C(H2  +  OH)  >k(CO  +  OH)  ,  and  similar  trends  appear  for  reactions  with 
0  and  H  atoms.  This,  ordering  in-  reaction  rates-  is  responsible  for  relative  locations 
where  the  species  maximum  concentrations  occur.  In  fact,  the  hydrogen  abstraction  re¬ 
action  rate- of  any--alkyl -hydrocarbon  and  a  hydroxyl-  radical  is  more  than  100  times 
larger  than  the  CO  +  OH  reaction  rate  at  these  temperatures.  Since  nearly  all  CO  oxi-r 
dation  takes  place  by  reaction  with  OH,  it  is  clear  that  CO  will-  react  very  slowly  in 
the  presence  of  hydrocarbons.  The  exothermicity  of  the  carbon  monoxide  conversion  p;-or 
vides  a  large  fraction  of  the  total  heat  of  combustion  for  fuel-air  mixtures;  ,  Thus,' 
much  of  -the  energy  release  -appears  only  after  the  fuel  and  major  intermediate  hydrocar¬ 
bon  species  hat"?  been  consumed.  The  interactive  character  of  the  carbon, .monoxide  arid- 
methane  oxidations  is  characteristic  of  that  noted  for  larger  alkyl  hydrocarbon  oxida¬ 
tion. 

Reactions  1-10  in  Table  I  were  added  to  the  earlier  methane-ethane  mechanism  and 
used  to  describe  methanol  oxidation  [.3],  -The  mechanism  was  shown  to  describe  shock 
tube  and  turbulent  flow  reactor  data  over  wide  ranges  of  fuel-oxygen  equivalence  ratio, 
temperature  and! pressure.  Additional  work  showed  that  the  reaction  mechanism  was  able 
to  predict  laminar  flame  speeds  for  riethanol-air  mixtures  over  similarly  wide  ranges  of 
operating  conditions  [9].  In  order  to  have  the  capacity  for  making  such  predictions, 
the  mechanism  had" to  be  thoroughly  validated  in  a  variety  of  experimental  environments 
and  over  wide  ranges  of  conditions.  With  this  testing  completed,  the  model  predictions 
can  be  treated  with  greater  confidence  than  if  the  mechanism  had  been  able  to  reproduce 
only  the  shock  .tube  or  only  the  flow  reactor  experiments. 

Flame  speeds  predicted  by  the  model  are  ehown  in  Figs.  4-6.  .In  Fig.  4  the  varia¬ 
tion-  in  laminar  flame  speed  with  unburned  gas  temperature  Tu  is  shown.  Fig.  5  shows 
the  variation  of  S p  with  pressure  P,  and  Fig.  6  describes  the  dependence  of  Su  on  equiva¬ 
lence  ratio,  These  predictions  all  agree  well  with  the  available  experimental  data, 
■and  a-  great  deal  of  additional  information  is-  available;  from  the  .pomputed,  flame  results. 
For  example,  the  nonlinear  dependence  of  log  Su  on  log  P  in  Fig,  5  has  been  observed  for 
many,  years  in  flames  of  air  with  methane  arid  other  fuels,  but  no  specific  process  had 
been  shown  to  .be  responsible.  With  the  detailed  calculations,  it  was;  observed  ,[9]  that 
the  contributions  of  H  +  02  +  M  +  HO2  \  M,  become  increasingly  important  with  iricrease 
in  pressure,  leading  to  the.  observed  flame  speed  dependence  on  pressure.  This  same  re¬ 
action  character  must  be  of  similar  importance  in  any  other  hydrocarbon-air  flame. 

While  we  have  demonstrated  some,  of  the  favorable  properties  of  detailed'  kinetic 
modelling,  comprehensive  mechanisms,  have  been,  formulated  and  tested  for  only  a  few 
relatively  simple  fuels.  Work  is  continuing  op  enlarging  the  number  and  types  of  fuels, 
the  important  elementary  .reactions ,  but  the  solution  of  large  networks  of  differential 
equations  can  be  both  difficult  and  expensive  to  solve ^numerically,  For  practical  pur¬ 
poses,  when  large  detailed  reaction  mechanisms  are  used  it  is  essential  to  simplify  or 
idealize  the  geometrical  domain  to  a  single  spatial  epordinate.  Problems  with  two  or 
three  spatial  coordinates  require  prohibitive  computer  expenses;  However ,. -many  practi¬ 
cal  problems  which  at  first  appear  to  be  hopelessly  two-  and  three-dimensional  can  be 
approached  by  considering  a  related  but  simplified  one  dimensional  problem.  Such  sim¬ 
plified  studies  of  stratified  charge  engine  environments  [12,13],  flame  quenching  in  ex¬ 
panding  combustion  chambers  [14],  and  wall  quenching  in  thermal  boundary  layers  [15]  have 
been  able  to  provide  a  great  deal  of  useful  information  through  the  use  of  detailed  mech¬ 
anisms. 

GLOBAL  REACTION  MECHANISMS 

Simpler  reaction  mechanisms  than  those  described  above  can  be  needed  for  sever. .1 
reasons.  These  might  include  limited  computer  facilities,  the  necessity  of  using  a  fuel 
sf or,  which  a  detailed  kinetics  mechanism  is  unavailable,  or  a  geometry  for  which  two-  or 
three-dimensional  effects  cannot  be  ignored  or  avoided.  ;For  such  applications  a  greatly 
simplified  reaction  mechanism  is  needed  which  will  provide  sufficient  accuracy  for  the 
giveri  problem;.  ‘  In  this- section  we  will  describe  briefly  some  of  the  approaches  which 
have  been  tai^en,  in  defining  and  using,  global  reaction  mechanisms. 

In  many  applications  a  single  reaction  step  can  be  used.  As  we  mentioned  earlier, 
often  the  heat  release  from  chemical  reactions  is  used  as  an  input  quantity  to  the  model, 
using  this  to  determine  other  output  quantities.  In  prder  to  use  this  type  of  descrip¬ 
tion  it  is  necessary  to  have  previously  carried  out  enpugh  experiments  to  be  able  to- 
prescribe  the  heat  release  function  accurately..  Since  a,  large  part  of  the  NOx  forma¬ 
tion  in  many  combustion  systems  Is  a  functipn  of  temperature  in  the  burned  gases,  the 
amount  of  reacted  gas,  and  the  residence  time- in.  the  combustjori  volume,  this  simple  type 
of  reaction  model  can  give  a  surprisingly  good  estimate  of  NOx  production.  In  order  to 
obtain  further  kinetic  detail  it  is  necessary  to  make  certain  assumptions,  such  as  the 
validity  of  chemical  equilibrium  in  the  burned  gas,,  or  partial  equilibrium  among  the 
radical  .pooi,  etc. 
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The  most  commonly  used  simple  mechanisms'  are  the  global  types,  with  one  or  two 
overall  reactions.  'The  n-octane  reaction  discussed  earlier  is" an-  example -of  a  single 
step  global  reaction.  An  example  of  a  frequently  used,  two-step  global  mechanism  is 
that  for  methane,  developed  by  Dryer  and  Glassman  [10]  for  post-induction  phase  lean 
oxidation  of  methane  in  the  flow  reactor,  at  atmospheric  pressure, 

CH4  +  3/2  0'2  *  CO  +  2H20 
CO  +  1/2  02  -*■  C02 

The-.rates  for  these  two.  reactions:  are  given  by 

-  ^  [CH4]  =  1013i2  exp(-48400/RT) ICH4]0,7[02]0'8  mole/cm3-sec 

-^7  [C021-  =  1014'75  exp(-43000/RT)  [COL1, 0  [HjO]  °'i5  [Oj]  °' 25  mole/cm3-sec. 

When  these  expressions  are  used  to  model  the  flow  reactor  experiments  discussed  earlier 
and  summarized  in  Fig.  2,  the  agreement  between!  the  computer  results  using  the  simpli¬ 
fied,  mechanism  and  the  detailed^mechanism  is  very  good,  as  shown  in  Fig.  7. 

These  two-step  global  expressions  have  been  used  to  model  a  variety  of  combustion 
systems.  For  example,  the  model  yields- a  reasonable  value  of  about  40  cm/sec  for  the 
laminar  flame  speed  in  stoichiometric  methane-air  at  atmospheric  pressure;  However, 
as  the  oressure  is  increased,  the  simplified  mechanism  does  not  predict  the  p-0.5  de¬ 
pendence  of  flame  speed  on  pressure.  As  a  result,  at  25"  atm  and  above,  the  same  mech¬ 
anism  gives  a  flame,  speed  which  is  too  large  by  a  factor  of  more  than  five.  In  a  study 
of  charge  stratification  in  internal  combustion,  engines  [12],.  it  was  necessary  to  re¬ 
duce  the  rate  of  the  first  global  reaction  (consuming  CH4)  by  about  a  factor  of  ten  in 
order  to  achieve  the  same  average  flame  speed  as>a  detailed  kinetic  calculation.  The 
original  mechanism  has  also  been  used  to  study  the  propagation  of  reactive  shock  waves 
through  methane/air  clouds  [16],  However,  the- shock-heated  gas  mixture  in  a  detonation 
wave  must  undergo  an  induction  phase  before  it  can  be  oxidized,  but  the  Dryer  and  Glass- 
man  mechanism  was  derived  from  post-induction  phase  methane  oxidation.  The  use  of  shock 
tube  correlations  'for  the  post  induction  oxidation  of  methane  [17] 

-  -sr:  [OH/]  =  7.9  x  1011  exp  (-41600)  (CHJ0,7  [0„]  0,8  moles/cm3-sec 
•  •  RT  q 

is  equally  invalid.  This  is  true  because  under  these  conditions  the  total  oxidation 
time'  for  a  shock  heated  mixture  of  fuel  and  air  is  about  the  same  order  as  the  chemical 
ignition  delay  time. 

Potentially  serious  deficiencies  in  one-and  two-step  global  mechanisms  have  been 
pointed  out  for  the  case  of  flame  propagation  through  engine  chambers  [12],  First, 
global  reaction  schemes  typically  assume  that  the  reaction  goes  to  cbmpiletion  in  the 
forward  direction  and  that  there  is  no  reverse  reaction.  With  the  exception  of  low  temp¬ 
erature  combustion  cases,  this  results  in  an  overestimate  of  the  total  heat  release, 
since  in  practice  equilibrium  exists  in  the  burned  gases.  Neglecting/this'  effect  can 
lead  to  an  overprediction  of  the-  final  temperature  and' pressure  (for  fixed  volume  com¬ 
bustion)  of  10-15% .  A  .simple  solution  for  this  error  is  t;o  artificially  reduce  the 
heat  of  combustion  to  give  the  correct  filial  temperature.  Alternatively  the  limit  to 
which  CO  is  oxidized  to  CO2  could  be  defined  from  equilibrium  calculations. 

Another  qualitative  error  associated  .with  global  reaction  mechanisms  is  the-  implied 
assumption  that  energy  is  released  instantaneously  upon  the  consumption  of  reactants, 

A  large  fraction  of  the  heat  of  reaction  results  from  the  oxidation  of  CO  to  COjj,  so  in 
this  respect  the  two-step  mechanism  is  superior  to  the  single-step  scheme.  The  assump¬ 
tion  of  instantaneous 'heat  release  was  shown  [12]  to  lead  to,  an  interesting  positive 
feedback  phenomenon.  The  rates  of  the  global  reaction  steps  increase  with  increasing 
temperature  and  density,  and  when  a  sound  wave  compresses  and  heats  a  sample  of  reac¬ 
tants,  the  reaction  fate  increases.  Since  the  increased  reaction  rate  results  in  an 
immediate  release  of  energy,  the  temperature  again  rises,  further  increasing:  the  reac¬ 
tion  (heating)  rate.  The  detailed  reaction  mechanism  produces  a  time  delay  following 
the  fuel  consumption,  before  the  heat  of  combustion  is  available  to  heat  the  gases.  In 
fact,  many  of  the  early  seeps  in  the  reaction  mechanism  are  endothermic,  so  for  some 
brief  time  there  is  very  littie  heat  release.  Also;  the  detailed  mechanism  correctly 
predicts  that  CO  cannot  react  to  form  COj>  until  all  of;  the  fuel  has  been  consumed,  fur¬ 
ther  delaying  the  heat  release  process,  This  type  of  problem  can  be  avoided  by  arti¬ 
ficially  reducing  the  rate  of  the  CO  oxidation  step  until  the  fuel  is  gone,  reproducing 
qualitatively  the  behavior  of  the  real  system.  A  second  approach  is  to  place  the  heat 
of  reaction  in  an  artificial  "reservoir"’ internally  in  the  computer  program;  one  then 
must  prescribe  the  rate  at  which  this  energy  is  released  to  heat  the  product  gases. 

Both  solution  methods  are  attempts  to  reconstruct  the  time-energy  history  of  the  reac¬ 
tants,  a  history,  which  the  detailed  mechanism  reproduces  correctly. 

Perhaps  the  most  important  advantage  which  global  reaction  mechanisms  possess-  is 
the  ability  to  "describe"  arbitrary  fuels.  Thus  it  is  possible  to  immediately  write* 
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down  a  global  reaction  for  benzene,  -for  example, 

C6H6  +  3  °2  6C02  +  3H2° 

or 

C6H6  +  -*•  \6C0  +  3H20 

CO  +  1/2  02  +  C02 

This  says  nothing  about  the  details  of  how  such  reactions  really  occur,  but  in  the  ab¬ 
sence  of  a  better  .solution,  such  a  scheme  provides  a  way  to  attack  the  problem. 

The  following  key  points  must  be  re-emphasized  about  global  simplifications  for 
oxidation  of  real  fuels.  First,  the  steps  involved  do  not  necessarily  bear  any  direct 
relationship  to  the  actual  kinetic  reaction  sequence,  even  for  CO  oxidatipn.  The  rates 
of -those  global  steps  are  derived  from  experimental  data  and  are  valid  only  under  the 
same  conditions  as  those  experiments.  The  nature  of-  the  application  must  also  be  exa¬ 
mined  to  be  sure  the  global,  model  is  appropriate  to  that  environment.  Oxidation  condi¬ 
tions  and  induction  conditions,  for  example,  are  not  the  same  and  one  should  not  expect 
the  global  reaction  rates  to  be  the  same  in  the  two  environments.  Global  rate  expres¬ 
sions  are  notoriously  unreliable  when  extrapolated  to  conditions  beyond  those  for  which 
they  were  derived.  This  includes  pressure  ranges,  equivalence  ratios,  and  temperature 
ranges.  Hates  expressed  for  environments  with  N2  diluent  (as  in  real  air)  may  not  be 
-valid  when  Argon  diluent  is  used-.  Effects  of  mixtures  of  reactants,  such  as  when  two 
distinct-  fuels  are  mixed  together  with  air,  cannot  be  predicted  properly.  Still,  if 
the  global  expressions  to'  be  used  have  been  .correlated  with  specific  experimental  re¬ 
sults,  and  if  those,  expressions  are  used  carefully  within  their  limits  of  validity, 
they  can  be  very  useful  and  provide  a  means  of  analysis  for  complex  systems. 

There  is  one  further  type  of  global  .rate  expression  which  may  be  quite  promising 
but  which  awaits  development.  For  those  fuels  for  which  detailed  reaction  mechanisms 
have  been,  developed  (currently  CO,  H2,  CH4,  CH3OH,  C2H6,  and  perhaps  C2H4  and  C2H2), 
it  is  possible  to  use  the  detailed  mechanism  to  predict  global  reaction  rates  as,  func¬ 
tions  of  operating  parameters.  This  would  then  include  the  effects  of  equivalence 
ratio,  temperature,  pressure,  and  any  other  parameters  in  an  explicit  manner;  This 
type  of  global  rate- expression  would  automatically  be  applicable  to  all  of  the- condi¬ 
tions  for  which,  the  detailed  mechanism  had  been  used.  Production  of  this  type  of  global 
rate  expression  directly  from  the  detailed  model  is  a  readily  available  goal  and  would 
be-  very  useful  in  many  applications,  however,  the  available  detailed  reaction  mechanisms 
have  not  yet  been  used  to  generate  this  information. 

SIMPLIFIED  REACTION-'  MECHANISMS 

A  type  of  mechanism  simplification  which  has  received  considerable  attention,  is  the 
so-called  quasi-global  approach  first  developed,  by  Edelman  and  Fortune  [18]  ,  This  con¬ 
sists  of  representin']  the  reaction;, of-  fuel  and  oxygen  to  form  CO  and  H2  by  a  single 
c  obal  step)  followed  by  a  detailed  treatment  of  CO  and  H2  oxidation,  Edelman  has  re¬ 
ported  .[19’, 20]  considerable  success  with  this  type  of  model  for  both  plug  flow  and  well 
htirred  conditions.  However,  application- of  the  same  modeling  techniques  to  turbulent 
flow  reaction  experiments  [6]  indicate  some- deficiencies  in,  the  approach. 

In.  principle  the  concept  of  the  quasi-global  mechanism  is  very  attractive.  It 
combines  the  ability  to  describe  arbitrary  complex  fuels  with  some  estimate  of  radical 
secies  levels.  For  those  fuels  where  a  detailed  reaction  mechanism  is  available,  the 
quasi-global  mechanism  is  probably  not  very  .useful.  This  is  due  to  the  fact  that  the 
CO-H2-O2-NO  mechanism  used  in  the  quasi-global  model  contains  a  large  number  of  chemical 
species,  approximately '  1-3? J.5 j  depending  on  whether  or  not  HO2  and  H2O2  are  included. 

The  solution-  of  15  equations  per  time  step  per  spatial  cell  represents  an  appreciable 
amount  .of  computational  effort.  Thus  the  extension  to  the  complete  detailed  mechanism 
does  not  represent  an  additional'  order  of  magnitude  increase  in  the  amount  of  computer 
labor  required,  .Therefore,  the  benefits  of  the  quasi-global  approach  are  to  be  found 
primarily,  in  its  flexibility  to _ accommodate  any  fuel,  particularly  those  for  which  de¬ 
tailed  mechanisms  are  not  available . 

In  order  to  illustrate  :some  of  the  properties  and  problems  of  the  quasi-global  model, 
two  sets'- of  calculations -.are  reported  here;  The  first  set  consists  of  a  comparison  be¬ 
tween  computed  and' measured  species,  and  temperature  profiles  for  lean  propane  oxidation 
in  the  turbulent  flow  reactor  [21].  The  experimental  data  are  summarized  in  Fig.  8, 
showing  a  steady  consumption  of  the  propane  fuel  which  finally  disappears  at  a  distance 
of  about  90  cm  form  the  injection  point.  The  concentrations  of  many  species  gradually 
increase  4s  fuel  is  consumed',  however  CO2  and-  temperature  begin  to  increase  rapidly. 

The  peak  in  the  CO  concentration  profile  also  occurs  at  about  the  same  location,  i.e. 

90  cm. 

Calculated  results  using  the  most  recent  quasi-global  reaction  mechanism  and  the  con¬ 
ditions  of  Fig.  8  are  shown  in. Fig.  9,  indicating  that  -for  this  case  the  fuel  disappearance 
rate  computed  using  the  quoted  rate  parameters  is  considerably  too  small.  In  addition, 
the  computer  CO  mole  fraction  never  exceeds  5  x\10~4, ,a  concentration  much  lower  than  the 
observed  peak  of  about  4  x  10-3.  The  computed  CO2  and  temperature  profiles  also  rise 


steadily  even  though  fuel  remains  .unburned.  The  general  conclusion  one  reaches  is  that 
in  this  case  the  quasi-global  model  underestimates  the-  fuei  consumption  and  overestimates 
.the  CO  oxidation,  rate. 

Some  relatively  minor  modifications  were  made  to  the  quasi-global  mechanism  in 
order  to  attempt  correction,  of  these .problems.  The  pre-exponential  term  in  the  rate 
expression  of  the  global  reaction  of  C3H8  to  CO  and  H2  was  increased,  from  6  x  104  to 
1.5  x  105: in  order  to.  reproduce  the  propane  .disappearance  rate.  In  order  to  inhibit 
the  heat  release  until  after  the  fuel  was  consumed,  the  rate  of-  CO- +  OH  +  CO2  +  H  was 
artificially  reduced- until  the  fuel  concentration  was,  less  than  1%  of  its  initial  value. 
As  seen  in  Fig.  10,  the  cpmputed  results,  achieved  with  these  modifications  are  qualita¬ 
tively  much  closer  to  the  experimental  data. 

A  similar  sequence  of  numerical  model  predictions  were  carried  -out  and  compared  for 
flow  reactor  oxidation  of  2-methylpehtane  (Fig.  11).,  With  the  considerably  more  complex 
fuel  molecule,-  there  are  a  variety -of  intermediate  species,  which  are  present  in  signi¬ 
ficant  amounts.  The  original  quasi-global  mechanism  results  are  shown  in  Fig,  12;  The 
fuel  consumption  is  seen  to  be  predicted  accurately  .when  the  global  reaction  rate  has  a 
pre-exponential  value  of  about  2  ,x  104.  However;  the  predicted  temperature  rise  is  far 
too  rapid,  and  the  computed  CO  and-  CO2  profiles  are,  seriously  incorrect,  even  when  the 
CO  oxidation  is  inhibited  (Fig,  13)..  ' 

This  disagreement  is  not -entirely  unexpected  in  that  other  intermediates  containing 
large  amounts  of  carbon  are  produced  during  the.  initial  fuel  consumption.  To  account  for 
this  effect,-,  an  additional  global  expression  which  models  intermediate  production'  and  con¬ 
sumption  must  be  proposed.  This  approach  has  been  suggested  by  Cohen  [22]  for  ethane 
oxidation: 


c2H£  ->-c2h4  +  h2 


C2H4,  +  02  ■*  2CO  +  2H2 


but  the  rates:  of  the  global  steps  are  different  in  the  fuel-rich  and  fuel-lean  regimes. 
The  procedure  of  dividing  the  global  step  into  several  smaller  but  still  global  reaction 
steps  is  clearly  promising  but  still  not  reliable  for  making  predictive  calculations. 

SUMMARY 


This  paper  has  described  a  systematic  study  of  kinetic  oxidation  models,  for  practi¬ 
cal  fuels.  The  construction  of  detailed  reaction  mechanisms  for  the  oxidation  of  typi¬ 
cal  hydrocarbon  fuels,  and  the  validation  of  these -mechanisms  through  careful  comparisons 
between  computer  and  experimental  data  have  been  discussed.  These;  mechanisms  are  strongly 
hierarchcial,  with  reactions  for  complex  fuels  containing  subsets  which  describe  the  com¬ 
bustion  of  chemically  simpler  fuels.  Progress  to  date  includes  relatively  complete  des¬ 
criptions  of  carbon- monoxide ,  hydrogen,  methane,  and  methanol  oxidation.  In  the  develop¬ 
ment  and  verification  of  these- reaction  mechanisms  data  from  a  variety  of  experimental 
sources,,  including  flow  reactor  techniques  at  intermediate  tempteratures  (900-1300  K)  and 
shgck  tube  results  at  high  temperatures  (1300-2200  K)  -have  been  used.  i'n  addition,  ranges 
in  fuelrair  equivalence  ratio  between  very  lean  (<J>  <  0.1)  through  stoichiometric  to  very 
ricH  '(<!>  >  5)  have  also  been  considered. 

Detailed  models  derived  in  this  manner  are  themselves  often  very  useful  in  the 
analysis  of  very  specific,  Combustion  problems,  in.  which  simplified  geometrical  configura¬ 
tions  or  other  approximations  can.be  employed.  Such  analyses,  using  these  detailed  mdr 
dels,  have  been  applied  to  the  problems  of  bulk- quenching  of  flames  by  rapid  expansion 
of  flame  propagation  through  stratified  charge  conditions  of  generation  of  unburned. hy¬ 
drocarbon  pollutants  in  thermal  boundary. -layers,  in  engines,  and  of  detonation  hazards  in 
liquified  natural  gas. 

In  addition-  to  the  direct  utility  of  detailed  kinetic  models,  such  approaches  can  be 
extremely  useful  in  the  derivation  and  validation  of  appropriate  simplified  reaction 
schemes  for  practical  fuels.  Simplified  models  which  are  derived  -from  detailed  mechanisms 
are  potentially  more  general  than  those  derived  from  experimental,  correlations. 

However,  detailed  kinetic  modeling,  of  practical  fuel  oxidation  is  currently  not 
possible.  First;  very  little  information  is  available  concerning  the  mechanistic  de¬ 
tails  of  fuel  pyrolysis  and  oxidation  for  most  typical  hydrocarbon  fuels.  Secondly, 
in  those  few  cases  where  many  of  the  elementary  reactions  are  known,  rate  data  are- gen¬ 
erally  unreliable  or  completely  unknown.  Finally,  the  large,  sets -of  chemical  rate  equa¬ 
tions  which  arise  are  difficult  and  expensive  to  solve,  even  -on  the  most  powerful  compu¬ 
ters,.  when’  they  are  intimately  coupled  with  fluid  dynamics.  As  a-  result,  of  these  con¬ 
siderations,  the  conventional  approach  in  many  cases  has  been  to  use  greatly  simplified 
chemical  kinetic  models  developed  'from  only  limited  experimental  data,  interest ’has 
Often  been  confined  only  to  the  overall  rates  of  fuel  consumption  and  heat  release. 

While  extremely  useful  in  interpretive  calculations,  this  approach  has  been  shown  to  have 
several  limitations  which  cause  uncertainty  in  its  use  for  predictive  modelling.  Such 
global  models:  do  not  extrapolate  well:  to  conditions  existing  outside  those  for  which  the 
model  was  derived,  or  the  analysis-  of  quenching  phenomena  and/or  pollutant  formation. 

More  general  simplified  schemes  based  on  quasi-global  modelling  techniques  show  promise 
for  improvirg  modelling  capabilities  for  conventional  hydrocarbon  fuels,  but  such  models 


probably  remain,  too  complicated  for  application  in  fully  two  and  three  dimensional  time 

dependent:  computations'. 
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DISCUSSION 


Comment  by  N.Peters,  Ge 

You  pointed  out  that  global  models. such  as  the  .one  of  Dryer  and  Glassman  can  not  describe  processes  where  the 
initial  kinctic  steps  are  important.  However,  there  are  very  old  proposals,  of  two  step  models,  for  instance,  that  of 
Zeidovich  (A  +  B  ->  2B,  2B  -*■  C) ,  that  concentrate  on  the  initial  kinetics.  In  this  model.the  intermediate  species 
may  be  interpreted  as  a  radical  that  catalyses  the  fuel  consumption.  In  his  recent  thesis,  W.Hocks1  calculated  the 
fuel  consumption  during  wall  quenching  by  elementary  methanol  kinetics  and  by  Zeldovich’s  two  step  kinetics.  The 
global  model  did  a  good  job  in  this  case; 

1 .  Hocks,  W.  PhD  Thesis  -  Institut  fur  Allgemeine  Mechanik,  RWTH  Aachen,  Germany. 
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Mel  lor  has  shown  that  Xj-],  .the  turbulent  mixing  time,  is  the  most 
dominant  single  characteristic  time  over  the  entire -range  of  present  or 
advanced  concept  combustors,  and  over  the  full  load  range  from  idle  to  full 
powerO).  ^Unfortunately,  classical  reactor- theoretic  or  "modular"  models, 
as  well  as  flni.terdifference*  approximate  solutions  to  the  governing 
differential  equations-,  have  heretofore  regarded  xsi  as  either  zero  or 
infinite.  Stochastic  or'Monte  Carlo  methods  have  shown  promise' for  includ¬ 
ing  effects  of  Tsj>0,  but  only  for  simple,  chemistry.  Preliminary  experience 
with.a-newly-developed  algorithm  for  integration  of  batch-reaction  chemical 
rate  equations* shows  great  promise  in  making, tractable  the  combi ned; modelling 
of  both* finite-rate  micromixing  and  complex,  finite-rate  chemistry,  which 
is  necessary  for-  modelling. of  pollutant  formation  and  combustor  stability. 


1.  CHARACTERIZATION  OF  COMBUSTOR  PROCESSES 

A.  M.  Mellorhas  usefully  characterized  the,. complex  interaction  of  serial  and  competing  processes  of 
chemistry,  heat,  mass  and. momentum  transfer  within  a  gas  turbine»combustbr  in  terms  of  "characteristic 
times"  (or  reciprocal  frequencies)  ot'  the  dominant  processes. (1)  These  are  summarized  in  Table  I. 

(All  tables  and  figures  appear  at  the  end- of  the  paper-) 

In. designing  new* combustors,  or  analysing  or  modifying  existing. combustors  for:  improved  efficiency, 
wider  turndown  ratio  or  stability  limits,  reduced  pollutant  production,  or  improved  pattern  factor,  it  is 
conceivable  that  any  of  the  processes  represented  in  Table  I  could  become  the  dominant  or  controlling  step. 
For  example,  high-altitude  flameout  or  extinction  is  thought  to' be  due  to  x^  controlling  at  low 
pressures. (2) 

In -conventional  combustors,  Te[j  can. usually  be.removed  from  controlling  status  by  improved  vaporiza¬ 
tion,  typically  by  reducing  the  mean  fuel  nozzle-drop  diameter.  With  airblast  atomizers,  may  become 
important  in  controlling  pollutant  emissions,  but  it -is  negligible  for  pressure  atomization.  (1); 

Mel  lor  has  shown  that  x^-,.  the  turbulent  mixing  time,  -Is  the  most  dominant  single*  characteristic  time 
over  the- entire  range  of  present  or' advanced  concept  combustors,  and  over  the  full  load  range  from  Idle- to 
full-power.  In  other  words,  at  the  conditions  typical  of  gas  turbine  operation,  chemical  and  heat  release 
are  always  strongly  influenced  by,  and 'frequently  controlled  by,  the  rate  of  turbulent  mixing  of 

a)  vaporized  fuel ‘with  air, 

b)  recirculated  burned  gases'WVth. reactants  in- the  primary  zone,  or 

•  •  .  '  .  •  (131 

c)  dilution  air  with  products1  in  \the;t;secondary  zone.'  ’  ' 

2.  MODELLING 

Historically,  gas  turbine  combustor  development' has  been  principally,  a- trial  rand-error  process.  After 
thirty. years  of  cumulative  experience,  only' cautious,  incremental-  improvements  in-. combustor  design(4)  are 
possible;  UnliksJcompressors  and  .turbines,  in  whi ch.xaerodynamic  and' structural  vibrations  are  to  some 
extent  predictable-,  combustors  have  largely  defied  quanti tati ve  .characteri zation .  .However,  in  recent  years, 
the  need  to  modify  or  redesign  combustors  for:  reduced  smoke  end  gaseous  pollutant  formation  -  always  while 
maintaining  or  improving. combustion  efficiency,  turndown* ratio  and  pattern  factor  -  has  created  a  need  for 
better  understanding. of  the  subtle  interaction  of  'these -coupled  non-.tlnear  processes. 

The  concurrent  advent  of  the  digital  computer  has  raised  the  hope  that  more  sophisticated  analytical 
modelling  might  lead  to  reduced  expenditures  of  time  and  manpower  in  achieving  improved  designs.  While 
this  promise  has  by  no  means  been  fully  realized, -there  are  som^ encouraging  signs.  For  example,  the 
present  development  of  prevaporized,  prefixed.  combustors  for  low-pollutant  formationioriginated  from 
numerical  parametric  studies  which  showed  that  there  should  exist  a*narrow  window  of  fuel-air  ratio, 
temperature  and  residence  time  within  which  stable,  efficient  combustion  could  be  achieved,  with  low 
N0X,  CO  and  UHC  as  well. (5) 

Generally  speaking,  modelling  efforts  to  date  stem  from  one  of  two  fundamentally  distinct  approaches: 

a)  Those- based  on  chemical  reactor- theoretic  or  "population  balance"  models  -  sometimes 
called  the  ’modular1  approach  -  in  which  the  fluid  mechanics  arels.implified  to  the 
extent  that  convective  flow  and  turbulent  mixing  is- represented  :by -interconnected  well- 
or  perfectly-stirred  reactors  (PSR’s)  and  plug  flow  reactors  (PFR’s).(b) 

b)  The  second  approach,  is  to  solve  the  finite-difference  approximated  differential  equations 
for-  conservation  of  mass ,  species,  momentum, and  energy,  usually  simplifying  the  chemistry 
to  the. point  where  pollutant  formation  processes  cannot.be  adequately  represented.!') 
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What  both  of  these  approaches  have  lacked  to  date  is  the  ability  to  model  the  effects  qf  x  ,,  the 
most  universally  important  characteristic  time  within  the  combustor.  In  the  modular  approach,  x!i  is, 
by  definition,  equal  to  zero  in  PSR's,  and  is  zero  for  cross-stream  mixing  and  infinite  for  age  mixing 
(axial  diffusion)  in  PFR's.  In  view  of  these  inherent  restrictions  on  PSR's  and  PFR's,  Swithenbank's 
attempt  to  account  for  finite  xs}.  I®/  is  simply,  equivalent  to  increasing  the  value  of  xhc,  which  still 
remains  a  homogeneous  reaction  time.  Predictions  .resulting  from  this  simplification  may  be  useful  for 
trend  analysis,  but  cannot  be  valid:  for  quantitative  prediction  of  pollutant  formation  and  destruction,  as 
the  effects  of  inhomogeneity  or  segregation^)  are  still -not  represented. 

In, finite-difference  modelling,  it  has  been  necessary  heretofore  to  treat  turbulent  exchange  processes 
as  quasi-laminar;  that  is,  to  assume  that,  within  a  computational  cell,  local  molecular  homogeneity  exists, 
or  x  i  =  0.  Some  attempts  have  been  made  to  include  moment  equations  for  the  probability  density  function 
(PDF)  of  a  passive  scalar  mixture  fraction(7), .which, accounts  for  the  effects  of  finite  x  .,  but  only  with 
the  "flame-sheet"  assumption  that  x.-  =  0.  Thus  both  approaches  to  date  fail  as  quantitatively  correct 
models  for  pollutant  production,  because  both  x^  an(*  Tsi  ars  known  to  play,  essential  roles. 

In  an  actual  combustor,  recirculating  flow  is  necessary  for  flame  stabilization,  while  plug  or  stream 
flow  is  required  to  move  the  working  fluid  .from  compressor  to  combustor,,  to  allow  combustion  reactions  to 
progress  towards  completion:within  the  combustor,  and  to  move  .the  working  fluid  from  the  combustor  to  the 
turbine  inlet.  A  PSR  is  an  idealization  of  a  region  with  strong  convective  recirculation,  whereas  a  PFR 
is  an  idealization  of  a  simple  stream  tube  flow.  Due  to  recent  advances  in  computation  of  stochastic  or 
"Monte  Carlo"  methods  (3,8):  together  with  improved  algorithms  for  calculating  equilibrium  and  non- 
er/ji librium  chemistry  (9 >11 5, -  it  is  now  possible  to;  introduce  finite-rate  micromixing  into  both  the  PSR 
(age  mixing)  and  PFR  (cross-stream  mixing  only)  models.  In  the  PSR;  this  improvement  allows  assessment  of 
the  effects  of  primary-zone  inhomogeneities, due  to  fuel-air  ratio,  temperature,  and  "age”,  or  degree  of 
reactedness  within  fluid  elements.  In  the  PFR  regions,  finite-rate  mixing  of  secondary  air  admission  into 
the  post-primary  stream  may  be  described,  leading  eventually  to  prediction  of  mixing  inhomogenei ties,  on 
pattern  factors. 

3..  THE  COALESCENCE/DISPERSION  (C/D)  MODEL 

A  simple  Bragg  combustor  model  is  assumed  for  present. purposes:  An  Imperfectly-stirred  reactor 
represents  the  primary  zone,  followed  by  a  plug-flow  region. 


The-primary  zone  contents  are  discretized  into  computational  cells  or  "turbules",  which  may  be 
regarded  conceptually  (but  not  literally)  as  primitive  representations  qf  single-scale  turbulent  eddies. 
The  mass  flow  rate  through  the  primary  zone  is  then  represented  by  a  number  flow  rate  of  turbules  given  by 

N  =  mN/<p>V  =  N/x  ;  x,  =  <p>V/m  ^ 

where  <p>  is  the  ensemble  mass  density  in  the  primary  zone,  V  is  the  volume,  m  the  mass  flow  rate,  N  is 
the  number  of  turbules  and  x  is  the  mean  residence  time'in  the, primary  zone. 


Micromixihg,  or  mixing  between  .turbulent  eddies  at  the  micro-scale  level ,  is;  simulated  by  considera¬ 
tion  of  Corrsln's  time  constant  ;f or  decay  of  a-concentratlon  fluctuation  in  ah  isotropis  turbulent 
field,  (1.  W  Defining  I  ;as  the  ratio-of  mixing  frequency  6  (x.,'1)  to  feed  frequency  (x-1),,  pairs  of 
turbules  within  the  reactor,  are  allowed  to*, simply  average  their  properties,  with  one. such  "coalescence  and 
dispersion"  pair  interaction,  allowed  per  ;t1me  interval  (x/I^N);  Pairs  are  chosen  by  random  selection  so 
that  there  is  no  bias  with  respect  to  turbule  age;  thus  representing  a  well-stirred  reactor  with  non-zero 
segregation. (3)  During'tHe  time  Interval  between  C/D1 events,,  all  turbules  undergo  adiabatic  batch  reaction, 
using  either  an  infinite  rate  (equilibrium)  assumption  or  a.chemical  kinetic  mechanism  and  rate  data,  as 
desired;  Whenever  a  feed,  time  interval  (x/N)  has;.elapsed,  one  turbule  is  selected  at, random  to  be  removed 
from  the  assembly;  and.  is  replaced^by  a  fresh. f**d;tu,fbule. 


The  assembly.'Of  turbules  ;1s  initia11zed  by  assuming:  a?homogeneous  PSP.l,d1str1bution  of  mole  numbers  and 
corresponding  temperatures;  The.  C/D  siiiulation  is  allowed  to. run  for  this'  to  five*  equivalent  residence 
times,  until  the, ensemhie  statistics- (meair.and  variance  of  properties)  are  observed  to  stabilize.  Each 
turbule  is  then.-all'twed-fi;  .ur.defgVfu'-'  tbqr  batch  reaction  .for' the  secondary  zone  residence  time;  no  further 
mixing  is  considered  ifo'icqur  lh.-.the;T  vdel  ih  -the.presenc  state  of  development.  Finally,  ensemble  averages 
are  obtained  to  repreqent.  the,nv>ar  ,p>‘u^«ttieS'-at:  coSib'uswr-exit.  Mean,  and  standard  deviation  (rms'\  values 
are  obtain-./ •{'*£».  the;  ensemble. -af_  •Wa’xftf'S'- ^rbiiles. :us'1Ja:.t^j elementary  moment  equations- of  descriptive 
statist, -s./  Fot,  .exaijiple,  foy'-tempai  -.drel. 


xT>  =  i 
N 


M. 


rms 


y,  <ri  - 


1/2 


(2) 

(3) 


■4.  SUMMARY  OF  COMPUTATIONAL  METHODS. 

For  finite-rate  gaseous  chemistry,  either  premixed  or  non-premixed,  it  was  found  necessary  to  develop 
a  new  algorithm'ifor  integration*of  the  coupled,  non-linear,  first-order  ordinary  differential  equations 
describing  the  variation  in  composition  and  temperature  with  elapsed  time  within  a  constant-pressure, 
adiabatic  batch j, reactor  (turbule).  The  required  characteristics  for  this  algorithm  were: 

(a)  Speed.  The  large  number  of  species  (15r30)  and  turbules  (presently  20,  eventually  up  to 
-500)  requires  the-fastest  possible  speed  of ’execution. 
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(bV  Stability.  The  infinity  of  initial  conditions,. equivalence  ratio  and  chemical  time  scales 
resulting  from  random  selection  procedures ^requires  an  extremely  robust  algorithm,  preferably 
with  automatic  stepsize  variation.  * 

(cl  Accuracy.  This  is  relatively  unimportant,  consistent  with  the  crude  assumptions  on  which  the 
entire  scheme  is- predicated.  Further,  accumulated  roundoff  errors  leading  to  violation  of  atom 
conservation  tend  to  be  "flushed  away"  by  the  replacement  of  outflowing,  turbules  with  the  steady 
inflow  of  reactants,  of  prescribed  stoichiometry. 

Ah  algorithm  was  developed* which  meets,-all-. of  the  above  criteria,  and  is. described- in  detail  in 
Reference  (11). 

Briefly,  consider  the  set  of  species  conservation  equations  for  transient  batch  reaction, 

da. 

dF=  -ri.  *  1  =  ’•  NS 

where  {a^}  represents  (i=l ,  (iS) gas  phase  mole  numbers,  where  r.  is  the  mass-specific  rate  of  disappearance 
of  1th  species*  as  given-.by 


,  U«J 

j=i 


where  p  is  the. mixture  gas  density  p=P/RTam,  cm  is  the  sum  of  all  mole  numbers  and  where  R^  and  R  the 
forward  and  reverse  rates  of  the  j'th  reaction  (j  =  I  jJJ),  are  given  by  a. modified  Arrhenius  expression 

B,  N.  q.  NS  a' 

Rj=10  JT  Jexp(-Tj/T)(pam)  3  (pok)  1(3  (6) 


R.j=10O_jT,,_jexp(^t.j/T).(p6in)C‘j  jjNpo,/^  (7) 

Following  Liniger  and  Willoughby^12 \  the  solution  to  Eq.  (4)  over  the  short  time  interval  h  is  first 
approximated. by  a  "tunable  trapezoid", 

o.  =  o.*  -  h[(l-Wi;)r.  i  =  1,  NS  (8) 

where  the-  "tuiiing"  or  integrating  factor  Wi  Is  to  be  determined  by  "exponential -fitting"  of  r,  over  the 
interval  h;  as  follows:  1  ’  1 

If  r^  should  vary  exponentially  with  time  over  h,  so.also  would; o^,  as  it  is  the  integral  of  r^; 
therefore  1 


W  =  "ri  =  ci°i 


Brar.don  (13).  defines  a  diagonal  transition  matrix  Z;  for  the  eigenvalue  c^  over  the  integration  interval 
h  so,  that  Eq.  (9)  is  given  by  1  1 


do.  Z. 

dT-  “  ri  =  ^  °i 


With  the  substitution  of  Eq.  (10)  into  Eq.  (8),  algebraic  manipulation  leads  to  the  identity 


W  =  i-  - 
i  Z, 


1  (e"1-!) 

If  r^  should  actually  vary  exponentially  over  h,  then  Z^  is  given  precisely  by  Eq.  (7).  However,  for 
arbitrary,  non-exponential  variation  of  r. ,  Brandon- (13)  suggests  an  approximation  to  Z;.  over  the  interval 
h,  as  follows: 

u  f  /8r,  r.  v  ^  /8r.  rb\^sH  /v>\ 


pf  L'?  'k  V3ok  ri  / 


where  the  superscripts  (o)  and  (s)  refer  to  values  evaluated  at  the  zero-th  and  current  (or  last)  iteration 
during  convergence  of  Eqs.  (8). 

In  the  present  application,  a  Hewton-Rgphson  functional  was  defined  for  convergence  of  Eqs.  (8), 

f i  5  +  (1-W.)  ri*  +  ri  *'  1  '  1  ’  NS  .  (13) 
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Following  Gordon  and  McBride  (14),  a  wise  choice  of  correction  variables  for  solving  Eq.  (13)  are 
the  natural  logarithms  of  the  MS  mole  numbers  (o^ ,i=l ,NS);  of  the  sum  of  the  mole  numbers, 

MS 

=  yi  Ob  •»  (i 


'  l-d  uk 
k=l 


and  of  the  temperature  T. 


The  Newton-Raphson  correction  equation  for  Eq.  (13)  may  now  be  written  as 
2L,  3  log"  o'.  A  1o9  0k  +  FiTFr  A  l09  0m 


j—4  log  T  =  -fj,  i  =  1,MS. 


3  log 


Noting  that  the  integrating  factors  are  considered  constant  during  each  iteration,  partial  derivatives 
of  the  species  -i  functional  f .  of  Eq.  (13)  are 


8  f  •  <S  •  uu 

3  log  o.  =  ( 1  -  W j  ) h  +  p  Z  (cti  j-C£i  j  )<Rjakj"R-jakj  ^ »  1 
k  1  j=l 


=  1 ,  NS 


•  i  £  <«;j  -  “tjx'-j  »r«j  »i>  *  ri 

m  j=l 


af.  ,  jj  r  ,  t.  . 

rwr3?  E  (airaii>  [Rj  {V  t1 -arni} 
-«-j  (»_j  *  v  -  ^ 

The  functional  for  reciprocal  mixture  mole  number,  o^,  is  simply 


NS 

fm  5  2]  °k  "0m 


and  the  corresponding  correction  equation  i*; 


NS 

Z  °kil095k-5™4l0S5»  =  °m  -Z 


The  functional  for  temperature  is  the  equation  for  conservation  of  thermal  energy  for  adiabatic 
batch  reaction, 


HO  „  u 

t  _  H*  y  °ihi 
fT  =  rt  -  ;itf  tt 


and  the  corresponding  correction  equation 

*  to  A1 


NS  CPl- 

+  V  -tt*  o.Alog  T 


E  -fr  Alon  +  E  tW 

k=l  i=l 

NS  J,h.  NS  h*cr4* 

V-V  _ t.  k  1 

“  la  RT  2j  RT 

i  =  l 


! 

I 


The  partial  derivatives  required  in  Eq.  (12)  for  the  approximated  diagonal  transition  matrix 


elements  Z.  are  given  by 

Hi 


3ri 


JJ 


k  3  lQ9  ak 


=  T^T  Kj  ‘  °ij>(Rjek3"R-j0kj) 


(23) 


which  may  be  seen  to  be  related  to  the  second  term  on  the  RHS  of  Eq.  (16). 

In  order  to  preserve  the  absolute  A  -  stability  of  the  implicit  formulation  (15)  and  to  avoid 
numerical  singularities,  the  integrating  factors  of  Eq.  (11)  are  actually  calculated  in  the  code  as 


W. 


l 


,  Zi  £  0.015 


1 


Z.  >  0.015 


(24) 


The  evaluation  of  the  Jacobian  for  Eqs.  (13)  i..- done  analytically,  following  the  efficient  coding 
techniques  of  CREK  (9).  As  the  Jacobian  elements  also  contain  the  expressions  required  for  evaluation  „f 
the  integrating  .'actors  W.  (which  are  regarded  as  constants  during  each  iteration)  both  accuracy  and 
efficient  computation  are’achieved. 


Limited  experience  to  date  with  the  new  algorithm  has  shown  it  to  be  remarkably  stable  and  accurate. 
Tor  all  practical  purposes,  the  limiting  factor  in  its  use  appears  to  resolution,  rather  than  stability 
or  accuracy.  Of  course,  execution  time  is  directly  proportional  to  the  desired  resolution,  independent 
of  other  considerations. 


Stability  is  insured  simply  by  using  a  modified  version  of  the  same  "self-adjusting"  underrelaxation 
parameter  used  in  CREK.i9’  10’  This  technique,  originally  due  to  Gordon  and  McBride  (14),  calculates 
underrelaxation  parameters  designed  to  assure  that,  for  any  iteration, 

-8 

i)  Major  species  (mole  fraction  >  10  )  may  not  increase  by  more  than  a  factor  exp(2). 
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ii)  Minor  species  (mole  fraction  <  10  )  may  not  increase  so  as  to  exceed  10  mole  fraction. 

In  the  present  application,  underrelaxation  parameters  so  determined  are  applied  not  to  the  mole 
number  and  temperature  Newton-Raphson  corrections  at  s  fixed  step  size,  but  rather  to  the  time  step  size 
h  itself. 


In  practice,  the  above  criteria  insure  stability,  but  on  not  insure  adequate  resolution.  Therefore, 
an  additional  constraint  was  added: 

iii)  The  temperature  may  not  change  by  more  than  20°C. 

With  this  additional  constraint,  automatic  stepsize  control  was  easily  achieved,  and  resulted  in 
between  2  and  5  iterations  per  time  step  on  the  test  problems  considered  thus  far. 


5.  APPLICATIONS  -  I:  COMBUSTION  OF  PREMIXEO  HYDROGEN  AND  AIR  IN  A  JET-STIRRED  REACTOR 

A  Longwell  jet-stirred  reactor,  such  as  that  described  in  Reference  (16),  and  shown  in  Figure  1,  may 
be  thought  of  as  an  idealization  of  a  highly  loaded  gas  turbine  premixed,  prevaporized  combustor  primaiy 
zone.  For  this  reactor,  the  mixing  parameter  may  be  estimated  to  be  about  I  =  10,  with  I  =  50  being  a 
practical  upF<-r  bound.'1'! 


The  effects  of  temperature  and  mole  number  segregation  due  to  degree  of  reactedness  are  demonstrated 
in  this  first  attempt  to  include  finite-rate  chemical  kinetics  with  complex  chemistry,  using  the  simpl’Med 
mechanism  for  H2/air  combustion  given  in  Table  II. 

The  simulation  was  run  for  five  mean  residence  times,  a  sufficient  time  fcr  the  ensemble  statistics 
to  stabilize.  The  effect  of  segregation  on  ensemble-mean  reaction  rates  can  be  characterized  by  a  "contact" 
index"  (3)  X,  for  an  individual  reaction,  defined  as  the  ratio  of  ensemble-mean  reaction  rate  to  the 
apparent  rate  based  on  ensemble-mean  properties: 


_  J)) 

j  “  ry({<a.:  ;<T> J  * 


i  ,NS 


(25) 


The  calculated  values  of  contact  index  for  each  forward  and  reverse  reaction  are  given  in  Table  II. 
Also  shown  are  the  ensemble  mean  and  rms  values  of  temperature,  <T>  and  T  ,  as  calculated  by  Eqs.  (2) 
and  (3).  As  would  be  'expected,  the  reactions  with  highest  activation  temperatures  T,  (and  therefore  those 

most  sensitive  to  temperature)  show  the  greatest  deviation  of  X,-  from  unity.  J 

J 


6.  APPLICATIONS  -  II:  PREMIXED,  PREVAPORIZED  COMBUSTION  IN  A  SWIRL-CAN  COMBUSTOR 

The  purpose  of  this  investigation  was  to  assess  the  applicability  of  C/D  modelling  in  predicting 
pollutant  formation  in  gas  turbine  combustion.  This  combustor  was  selected  for  C/D  modelling  since 
measured  emission  index  data  are  available  (18),  and  the  additional  complications  of  fuel  spray  evaporation 
are  not  present  in  premixed,  prevapori zed  combustors. 

A  simplified  model  of  an  array  of  swirl-can  modules  (Figure  2)  was  developed  (19),  with  the  following 
assumptions: 
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(1)  Upon  entry  to  the  combustor  primary  zone,  the  fuel  is  completely  vaporized  and  thoroughly 
mixed  with  the  primary  air. 

(2)  The  combustor  may  be  represented  as  a  modified  Bragg  combustor  (2)  as  shown  in  Figure  3. 

(3)  A  17-ste?  mechanism  for  CO  and  H ^  oxidation  and  N0X  forration  due  to  Waldman  (20), 

together  with  a  global  pyrolysis  step,  C19H„  +  0,  -*•  CO  +  H,  ,  of  Edelnan  (21)  is  used, 
as  shown  in  Table  IV.  12  23  2  2 

The  combustion  chamber  was  represented  by  a  zone-type  model,  shown  schematically  in  Figure  3.  The 
sizing  and  location  of  PSR  (perfectly-stirred  reactor)  and  PFR  (plug-flow  reactor)  elements  was  done 
by  inspection  from  Figure  2. 

The  primary  zone  was  modeled  in  two  different  ways,  first  as  a  homogeneous  (fully  micromixed)  PSR 
with  zero  segregation  (tsJ1  =  0),  using  the  complex  kinetics  code  CREK  (9,  10),  and  secondly  as  a  partially 
segregated  WSR  (well-stirred  reactor),  with  effects  of  segregation  modeled  by  the  C/D  model  with  I  =2.0 
assumed.  The  secondary  zone  was  treated  Identically  in  both  cases  as  simple  PFR  batch  reaction  OTthe 
effluent  gases  from  the  primary  zone  without  further  mixing  (t  .  ®;  I  =  0).  Test  conditions  for  the 

calculations  are  given  in  Table  V.  sx  m 

In  Figures  4  and  5,  comparative  results  jf  measured  and  predicted  values  of  emission  index  values 
for  N0X  and  for  CO,  respectively,  are  presented. 

In  Figure  4,  It  may  be  seen  first  that  the  premixed,  prevaporized  concept  results  in  considerable 
reduction  of  N0X  below  the  equilibrium  values.  The  predicted  values  for  assumed  homogeneous  (t  ,  =  0) 

PSR  primary  zone  shows  the  correct  order  of  magnitude  but  a  "peaky"  trend  that  differs  considerably  from 
measured  values.  A  single  computation  using  the  C/D  model  with  I  =  2,  and  the  same  conditions,  at 
(F/A)  =  0.03,  shows  far  better  agreement  with  the  data  than  does  the  homogeneous  (I  ®;  t  «  =  0)  PSR 
prediction.  m 

In  Figure  5,  the  CO  emission  index  values  predicted  by  the  homogeneous  PSR  model  are  seen  to 
approximate-  very  closely  the  equilibrium  values  as  (F/A)  approaches  stoichiometric;  at  fuel-lean 
conditions,  the  effect  of  thc  Is  seen  In  the  upward  trend  of  COEI.  The  single  point  represents  the  COEI 
predicted  by  the  C/D  model  with  Im  =  2,  at  (F/A)  =  0.03.  As  with  the  NOEI  in  Fig.  4,  the  "smearing" 
effect  of  segregation  or  Inhomogeneity  Is  seen  to  give  better  agreement  with  the  data. 

7.  DISCUSSION  AND  CONCLUSIONS 

Needless  to  say,  a  single  point  comparison  of  computation  with  the  C/D  model  with  the  NASA  data 
Is  Insufficient  grounds  for  drawing  strong  conclusions.  However,  compared  with  a  conventional  modular, 
homogeneous  (Im  «)  PSR-PFR  Bragg  model,  ihe  (C/D) Bragg  model  with  I  =  2  is  seen  to  Improve  the 
comparison  with  data  at  very  fu  ,l~lean  conditions,  for  both  CO  vid  NO  ‘  emission  Indexes.  These 
results  are  at  least  encouragi ,g.  Of  more  significance  Is  the  fact  that  the  computation  Is  feasible 
at  all. 


The  preliminary  results  reported  are  therefore  encouraging  for  the  use  of  coalescence/dispersion 
modelling  for  prediction  of  pollutant  formation  and  eventually  flame  stabilization  In  high-intensity 
continuous  combustors.  Extensions  of  the  concept  to  flows  lacking  the  strong  convective  recirculation 
characteristic  of  the  present  system  are  possible  (3),  and  such  work  is  presently  in  progress. 

An  additional  benefit  of  C/D  modelling  that  has  not  been  explored  here  Is  the  potential  ability  to 
predict  realistic  combustor  stability  or  blowout  maps,  as  well  as  transient  behavior.  However,  the 
variation  of  1^  with  combustion  temperature  during  transient;  would  have  to  be  calculated. (22) 
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9.  TABLES  AND  FIGURES 


Table  I 

Mel  lor" s  "Characteristic  Times"  for  Combustion  and  Pollutant 
Formation  in  Two-phase  Turbulent  Combustion  (Ref.l) 


fime 

Symbol 

Physical  or  Chemical  Process 

Fuel  droplet  lieftime 

Teb 

Droolet  evaporation  and/or 
combustion 

Eddy  dissipation  time 
for  injected  fuel 

Tfi 

Small-scale  turbulent  mixing 
near  the  fuel  injector  in  the 
recirculation  zone 

Eddy- dissipation  time 
in  the  shear  layer 

Tsl 

Large-rscale  turbulent  mixing 
between  fresh  air  and  the  re¬ 
circulating  burned  gas-fuel 
mixture 

Fuel  ignition  delay 
and  .burning  time 

T  he 

Homogeneous  combustion  of  the 
fuel  to  C02 

No  formation  time 

Tno 

Homogeneous  kinetics  for  NO 
formation 
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TABLE  II 

Conditions  for  C/D  Simulation  of  Mixing  Limited  Combustion 
of  Premixed  Hydrogen  and  Air  in  a  Jet-stirred  Reactor 


Fuel: 

Oxidizer: 

Fuel-air  Ratio: 

Reactor  Pressure: 
Reactor  Loading: 
Residence  Time: 


Gaseous  H2  at  300  K 
Air  at  300  K 

Overall  fuel-air  equivalence 
ratio  =  0.5  (fuel  lean) 

100'  kPa  (1  bar) 

500  kg  m'3bar'2  s'1 
Ca.  5  ms. 


TABLE  III.  Mechanism,  Activation  Temperatures  and  Calculated 
Contact  Indexes  for  Mixing  Limited  Combustion  of  Premixed 


Hydrogen  and  Air  in  a  Jet-Stirred  Reactor.  P  *  1  bar,  I  *  10, 

m 


♦  * 

0.5,  inlet  T  *  300K;  <T>  = 

1112K,  Trms  - 

252 °C ;  Teq  *  1643K 

tpsr 

«  1 233  K . 

Reaction, 

VTb 

xf/xb 

1. 

H,  +  0„  t  0  +  OH 

16.5 

1.3 

c  c 

0.5 

0.9 

2. 

H,  +  0  i  H  +  OH 

9.4 

0.5 

c 

7.3 

1.1 

3. 

H,0  +  0  X  OH  +  OH 

18.1 

2.1 

c 

1.0 

1.1 

4. 

H  +  H,0  X  H,  +  OH 

19.9 

2.0 

c  c 

4.8 

0.5 

5. 

N  +  0,  J  NO  +  0 

6.3 

1.0 

c 

41.4 

7.1 

6. 

N,  +  0  X  N  +  NO 

75.5 

64.6 

c 

0.3 

1.1 

7. 

NO+M^N+O+M 

149.0 

13,840.0 

-6.1 

0.9 

8. 

H+H+MtH,  +M 

0.0 

1.1 

101 .3 

8.6 

9. 

0  +  0  +  M  ♦  0,  +  M 

0.3 

1.0 

2 

115.5 

894.1 

10. 

H  +,  OH  +  M  +  Ho0  +  M 

0.0 

0.8 

c 

111.2 

1,059.0 

11. 

H,  +  0,  'l  OH  +  OH 

43.0 

1.6 

2  2 

25.0 

3.4 
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TABLE  IV 

Mechanism  and  Rate  Data  for  Global  Pyrolysis 


and 

Oxidation 

of 

Fuel 

and 

Air 

k3 

= 

b'. 

10  °T 

Ni 

3exp(-Tj/T) 

,  SI 

units 

Bo 

N3 

Tj 

C12H23 

+ 

6  02 

=  12 

CO 

+ 

11.5 

h2 

11.5 

0.0 

12200.* 

CO 

+ 

OH 

= 

co2 

+ 

h 

6.602 

0.5 

0.0 

co2 

+ 

M 

= 

CO 

0  + 

M 

12.0 

0.0 

50353. 

H 

+ 

OH 

= 

h2 

+ 

0 

6.903 

1.0 

3525. 

h2o 

+ 

M 

= 

OH 

+ 

H  + 

M 

12.477 

0.0 

52870. 

H 

+ 

ho2 

= 

OH 

+ 

OH 

11.398 

0.0 

957. 

OH 

+ 

H2 

= 

H 

+ 

h2o 

10.398 

0.0 

0.0 

H 

T 

0 

+ 

M 

= 

OH 

+ 

M 

9.903 

0.0 

0.0 

OH 

+ 

0 

3 

H 

+ 

°2 

10.398 

0.0 

0.0 

fj 

+ 

°2 

+ 

M 

= 

ho2 

+ 

M 

9.176 

0.0 

503.5 

OH 

+ 

OH 

= 

h2o 

+ 

0 

9.778 

0.0 

503.5 

OH 

+ 

N 

= 

h 

+ 

NO 

8.778 

0.5 

4028. 

H 

+ 

n2o 

= 

oh 

+ 

«2 

10.903 

0.0 

7533. 

N 

+ 

HO 

= 

n2 

0 

10.176 

0.0 

0.0 

N 

.1 

°2 

a 

NO 

+ 

0 

6.778 

1.0 

3172. 

n2o 

.1 

0 

a 

NO 

+ 

NO 

1  *  .0 

0.0 

15000. 

n2o 

+ 

M 

= 

«2 

+ 

0  + 

M 

11.0 

0.0 

25176. 

B  p  -0.815  rqf  n  1/2 

*  ri  ■  1?  '(jr-)  -exp(.-Ij/T)  IP*-  (C12H23)  (02) ,  from  Ref.  (21). 

TABLE  V 

Conditions  for  Homogeneous  PSR  and.  C/D  Modelling  of 
Premixed,  Prevaporized ^Combustion  in  a  NASA  Swirl  Can  Combustor 

Fuel:  C^2H23  (representing. liquid  fuel  ASTH-A1 
with  hydrogen/carbon  mass  ratio  of  0.161) 

Lower  Heating  Value  of  Fuel:  43.3  J/kg 
(18,600  BTU/lb) 

Fuel-Air  Ratio:  0.02  -  0.09  kg  fuel/kg  air 

Stoichiometric  F/A  Ratio:- 0.0685  kg  fuel/kg  air 

Equivalence* Ratio:  0.29  -  1.31 

Pressure:  5-6  bar 

Inlet  Temperature:  613  K 

Mass  Flow  Rate  of  Air:  38-45  kg/s  (85-100  Ib/s) 


EMISSION  INI 
(G  NOx/KG  FUEL) 


0.01  0.03  0.05  0.07  0.09 


FUEL /AIR  WEIGHT  RATIO 

(F/A)STo,ch  ~  0.0685 

Figure  5.  CO  Emission  Index  for  5  atm  operation 
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DISCUSSION 


W.P.Jones,  UK 

You  showed  a  graph  with  some  measurements  from  the  NASA  combustor  and  one  prediction  with  your  coalescence/ 
dispersion  model.  In  a  log-scale,  I  have  difficulties  to  assess  the  level  of  agreement.  Could  you  tell  us  what  the 
actual  numbers  were? 

Author’s  Reply 

Yes,  it  was  a  log-scale,  and  the  right  numbers  are  on  the  scale  (see  Figure  4).  Comparing  the  data  we  found  one 
order.of  magnitude  difference  (a  factor  of  2  or  3).  I  don’t  think  it’s  terribly  important.  The  conclusion  stated  in 
the  paper  is  that  it  was  going  in  the  good  direction. 


UOVELlsmON  VE  ZONES  VE  COMBUSTION  EN  REGIME  I.VSTATIOMAIRE 


par  Francis  HIRSINGER  et  Hcldne  TICHTINSKY 
Office  National  d' Etudes  et  de  Recherches  Aerospatiales  (ONERA) 
92320  Chatillon  (France) 


Les  diffdrents  types  de  zones  de  combustion  susceptibles  d'etre  etudiees  et  modelisSes  prdsen- 
tent  un  certain  combre  de  caracteres  communs  :  elles  sont  le  siege  d'ecoulements  assez  complexes,  en 
general  tridimenoionnels,  comportant  souverit  des  zones  de  recirculation  et  des  zones  d' injection  lo¬ 
calises.  Par  aillcurs,  les  phenomenes  de  combustion  presentent  un  aspect  instationnaire  qu'il  est  im¬ 
portant  de  mettre  en  evidence  et  de  reprdsenter.  La  simulation  nutnSrique  devrait  en  outre  completer  les 
etudes  experimentales  difficiles  A  mener,  plus  particuliSrement  dans  les  regimes  transitoires. 

Une  moddlisation  des  ficoulements  les  plus  simples,  prdsencanfc  cependant  simultandment  ces  divers 
caractSres,  a  ete  entreprise  afin  de  dSgager  des  comportements  caracteristiquos  plutot  que  de  tenter  de 
reprdsenter  1' ensemble  des  phenomSnes  intervenant  dans  des  zones  de  combustion  rdelles,  geomdtriquement 
compliqufies,  La  technique  de  moddlisation  consiste  3  Scrire  les  Equations  de  bilans  instationnaires  de 
1'aSrothcrmochimie,  tenant  compte  de  la  dynamique  des  gaz  de  la  diffusion  laminaire  turbulente  et  de  la 
ciridtique  chimique, pour  un  ensemble  de  cellules  reprdsentant  le  domaine  3  etudicr.  Ces  dquations  de  bir 
lan  sont  traitees  de  fa;on  intSgrale  dans  l'espace  et  diffdrentielle  dans  le  temps. Cette  mdthode  per- 
met  de  suivre  ex  ctement  les  phdnomSnes  instationnaires  rdels  ou  d'acceder  plus  rapidement  aux  regimes 
etablis,  par  des  Evolutions  instationnaires  virtuelles. 

Les  applications  prdsentdes  correspondent  3  un  dcoulement  bidimensionnel  dans  un  canal  partiel- 
lement  obstrue  par  una  plaque  tenant  lieu  d'accroche-flamme,  et  3  un  Scoulement  tridimensionnel  dans 
un  domaine  pouvant  representer  une  portion  de  tube  3  flamme  aliments  par  des  orifices  lateraux.  Cette 
mdthode  a  permis  de  simuler  I'Stablissement  de  I'Scoulement  froid  3  partir  du  repos,  puis  un  allumage 
a  partir  d'une  petii'.e  zone  3  temperature  filevSe  et  les  oscillations  qui  en  rfisultent  ainsi  que  l'Sta- 
blissement  d'une  fltmme  stabilisee. 


COMBUSTION  ZONE  MODELING  IN  UNSTEADY  REGIME 


The  various  types  of  combustion  zones  likely  to  be  studied  and  modelized  present  a  number  of  common 
features  ;  they  are  the  seat  of  rather  complex,  usually  three-dimensional  flows,  often  including  .re¬ 
circulation  pockets  and  zones  of  localized  injection.  Moreover,  combustion  phenomena  present  an  unstea¬ 
dy  character  that  it  is  important  to  bring  to  light  and  to  describe.  A  numerical  simulation  of  such 
phenomena  should  complement  experimental  studies,  rather  difficult  to  carry  out,  especially  in  tran¬ 
sient  regimes. 

A  modelling  of  the  flows  as  simple  as  possible,  but  still  presenting  these  simultaneous  features, 
has  been  undertaken  with  a  view  to  reveal  characteristic  behaviours  rather  than  to  represent  the  whole 
set  of  phenomena  taking  place  in  actual,  geometrically  complicated  combustion  zones.  The  modelling  tech¬ 
nique  consists  in  writing  the  equations  of  unsteady  aerothermochemical  budgets,  account  being  taken  of 
the  gas  dynamics  of  the  laminar  or  turbulent  diffusion  and  of  the  chemical  kinetics, for  a  series  of  cells 
representing  the  domain  under' Study . These  budget  equations  are  treated  in  an  integral  manner  in  space 
and  a  differential  manner  in  time.  This  method  makes  it  possible  to  exactly  follow  the  actual  unsteady 
phenomena  or" to  have  a  faster  access  to  steady  regimes  through  virtual  unsteady  evolutions. 

The  applications  presented  in  the  paper  correspond  to  a  two-dimensional  flow  in  a  duct  partially 
choked  by,  a  plate  representing  s.  flame-holder,  and  to  a  three-dimensional  flow  in  a  doiiain  representing 
a  section  , of  flame  .lube  fed  by  lateral  orifices.  This  method  permitted  the  simulation  of  the  establi¬ 
shment  of,  the  cold  flow  from- rest,  then  an  ignition  initiated  in  a  small  zone  at  high  temperature  and 
the  resulting -oscillations,  as  veil  as  the -onset  of  a  permanent  flame. 
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I)  INTRODUCTION 

Le  problSme  de  la  modelisation  des  zones  de  combustion  est  aborde  depuis  longtersps  par  de  nombreu- 
ses  equipes  £l  3  6J  ,  tant  sur  le  plan  de  l’etude  fondamentale  des  mecanismes  physico-chimiques  com¬ 
plexes  dont  elles  sont  le  siege,  que  sur  le  plan  du  calcul  de  chambres  de  combustion. 

A  l'heure  actuelle,  les  performances  recherchees  par  les  constructeurs,  en  particulier  de  turbo¬ 
machines,  que  ce  soit  pour  l'amelibration  des  consonmations  ou  pour  le  controle  de  l'emission  des  pol- 
luants,  placent  ces  chambres  dans  des  domaines  de  fonctionnement  oil  il  n'est  plus  possible  d'igcorer 
les  phSnonenes  instationnaires,  ceci  etar.t  egalement  vrai  pour  les  machines  completes. 

Ces  phenomenes  concernent  principalement  :  l'allumage,  l'extinction,  le  reallumage  en  altitude,  les 
instabilites  de  combustion  3  t>asse (rumble)  et  3  haute  frequence  (screech),  la  Oistorsion  aerodynamique, 
thermique  et  chimique  provoquee  par  une  alimentation  perturbee  du  moteur,  les  interactions  des  chambres 
et  des  autres  elements  du  moteur  .(  par  exemple  celle  concernant  la  chambre  principale  lors  de  l'alluma- 
ge  de  la  rechauffe),  les  effets  de  la  regulation,  etc.... 

Les  phenomenes  instationnaires  correspondent  doivent  etre  Studies  finament  pour  permettre,  soit  d'en 
limiter  les  effets,  soit  de  les  exploiter  en  recherchant  les  regimes  transitoires  les  plus  avantageux. 

Ces  differentes  raisons  ont  amene  l'ONERA,  outre  des  etudes  en  regime  stationnaire  £7  3  lb]  ,  3  de- 
velopper  une  approche  instetionnaire  de  la  modelisation  des  zones  de  combustion.  Cette  approche  vise 
dans  un  premier  temps  3  analyser  et  modeliser  les  differents  phSnomSnes  dans  un  environnement  type  cham¬ 
bre  de  combustion,  en  particulier  en  presence  de  zones  de  recirculation  ;  dans  ce  but,  les  configurations 
geometriques  utilisees,  tant  sur  le  plan  numerique  au'expSritiental,  ne  correspondent  pas  rigoureusoment 
a  des  chambres  de  combustion  reelles  ;  ce  sont  des  configurations  stylisees,  assurant  la  presence  de  phe¬ 
nomenes  analogues  3  ceux  rencontres  dans  les  chambres  rSelles*  mais  conques  de  maniSre  3  faciliter  les 
modifications  geometriques,  tant  sur  le  plan  n'nnerique  qu' experimental,  ainsi  que  1' implantation  des  me- 
sures.  Cette  approche  doit  done  permettre  l'exploration  d'un  vaste  domaine  de  fonctionnement  et  donner 
la  possibility,  dans  une  etape  ulterieure,  de  transposer  les  diffSrents  modeles  developpes dans  des  cal- 
culs  de-  chambres  reelles. 

L'Stude  presentee  ici  fait  le  point  des  premieres  tentatiyes  effectuees  sur  le  plan  numerique. 


2)  PRINCIPES  DE  L'APPROCHE  NUMERIQUE 

Les  principes  de  l'approche  numerique  ont  Ste  d6j3  longuement  dScrits,  refSrer.ces  fll  3  14]  et  seront 
ici  simplement  rappelee. 

Les  phenomenes  consideres  sont  complexes  ;  les  ecoulements  sont  en  genfiral  turbulents,  sieges  de  reac¬ 
tions  chimiques  ou  la  cinStiquc  ne  peut  -Sere  nSgligSe,  souvent  polyphasiques  ;  des  zone3  sub-,trsns-  et 
supersoniques  peuvent  exister  simultanSement .  Differentes  etudes  menSes  3  l'ONERA,  tant  dans  le  domaine 
du  calcul  de  champs  continus  que  danw  celui  de  la  modSlisation  de  systemes  complets,  ont  permis  de  dSga- 
ger  une  technique  systemati.que  de  simulation  numerique  poor  co  type  de  problSmea,  Le  champ  ou  le  sys- 
tSmc  StudiS  est  constituS  3  partir  d'ur.  assemblage  modulaite  de  cellules  pour  lesquelles  sont  Scrites 
les  Equations  de  bilan  instationnaires  o.lassiques,  sous  forme  integrate  par  rapport  3  l'espacc  et  dif- 
ferentiello  par  rapport  au  temps. 

La  figure  1  presente  le  cas  lo  plus  gSneral  d'une  cellule  deformable  de  volume  Ar  ,  dont  la  frontiSre 
mobile  A  peut  etre  constituee  de  differentes  portions  A;,  representant  soit  des  frontiSres  fluides,  soit 
des  parois,  soit  des  orifices  d' injection,  etc...  .  La  vitesse  d'une  phase  quelconque  est  reprSsentee  par 
le  vecteur  V,  la  vitesse  de  displacement  .d'un  point,  de  la  frontiSre  Stant  caractSrisS  par  le  vecteur  Vf. 

Si  p  est  la  masse  volumique  d'une  phase,  et  g  une  grandeur  massique  correspondant  3  cette  ibeme  phase, 
1'equation  de  bilan  correspondante  peut  etre  Scrite  sous  la  forme  gSnSrale  : 

ou  n  est  le  vecteur  normal  exterieur  3  la  surface, et  la  production  massique  de  la  grandeur  9  . 

Suivant  la  definition  de  g  ,  cette  Equation  correspond  3  un  bilan  de  : 

-  masse  :  g  c  A 

-  quentite  de  mouvement  :  <j  »  ^ 

-  energie  s  g  *  O  *  it* 

-  espece  chimique  :  g  -  yl  *'  (fraction  massique) 

etc... 


Le  premier  teref  represente  1' accumulation,  le  deuxiSme  les  flux  de  convection  et  de  diffusion,  et  le  troi- 
siSme  les  productions .  Ces  equations  traduisent  le  priheipe  de  l'etat  local,  chaque  cellule  ne  dependent 
que  d'elle-iieme  et  de  son  ehvironnemett  iiaaediat.  Elies  sont  rigoureuses  quelque  soit  la  taille  des  cel¬ 
lules  (ma'illage  ou  systSme),  mais  r.e  sont  pas  exploitables  numeriquemeut  sous  cette  forme.  C'est  le  pro- 
blSme  de  la  discrStisation  qui  suppose  que  I 'ensemble  du  champ  soit  caracterise  par  un  n ombre  fini  de  pa- 
ramStres  et  que  des  hypotheses  supplementaires  soient  prises  en  compte  concernant  la  structure  de  1' evo¬ 
lution  des  parametres.  Les  hypotheses  choisies  ici  sont  inspirees  de  celles  utilisees  dans  la  technique 
des  reacteur's  hdmogS'nes  [15-16^  .  Chaque  parametre  (voir  figure  2)  est  suppose  avoir  une  valeur  consttnte 
3  l'interieur  de  chaque  cellule,  et  une  valeur  constante  sur  chaque  portion  de  frontiSre  cette  valeur 
pouvant  etre  diffSrente  des  valeurs  dans  les  cellules  adjacentes.  L'explicitation  des  iutegrales  dans  les 
equations  de  oilan  est  alors  evidente  : 


It 


les  variables  non  indicees  etant  les  variables  internes,  l'indice  u  caracterisant  les  portions  de  fron¬ 
tiSre, 


Les  inconnues  principales  choisies  sont  les  valeurs  internes  ;  pour  que  le  probleme  soit  entiere- 
ment  dcfini,  il  faut  completer  le  jeu  d'hypothSses  en  developpant  des  estimations  des  valeursdes  para- 
aettes  d’ interface  en  fonction  des  inconnues  de  base  ou  de  parametres  connus  comme  les  conditions  aux 
li>r.it es .  Le  choix  de  ces  hypotheses  est  libre  et  peut  etre  different  suivant  la  portion  de  frontiere 
considerSe.  La  technique  de  base  est  l’interpolation .  simple  entre  les  valeurs  dans  les  cellules  ad- 
jacentes.  Lorsque  cette  t'^hnique  est  insuffisante  du  fait  de  la  severite  du  problSme  traitS,  elle 
peut  etre  remplacde  par  une  estimation  locale  plus  sophistiquee  qui  peut  par  exemple  decouler  d'une 
quasi-resolution  locale  des  equations  du  probleme. 

La  formulation  obtenue  est  particulierement  simple,  et  la  methode  s'apparente  3  la  technique  des 
"volumes  finis".  La  formulation  integrale  est  conservative,  les  parametres  intervenant  aux  frontieres 
par  leur  propre  valeur  et  non  celle  de  leur  derivee  ce  qui  donne  3  la  methode  un  caractere  tres  phy¬ 
sique. 

Les  conditions  aux  limites  sont  soit  naturelles  (parois,  plans  da  symetrie,  cols  coniques,  etc...) 
scit  iraposees  (entree,  sortie) .  Les  conditions  aux  limites  controlees  sont  les  mEmes  que  dens  un  dispositif 
experimental.  La  simulation  numerique  est  obtenue  en  initialisant  le  champ  par  un  regime  rdaliste  connu 
(regime  stationnaire  comme  le  repos  ou  regime  transitoire  reel),  puis  en  integrant  temporellement  le 
systeme  d'dquations  par  une  methode  Runge-Kutta  explicite  du  Aeme  ordre  3  stabilitS  conditionnelle. 

3)  MODELISATION  D'UNE  RECHAUFFE  SCHEHATiSfE 

L'etude  est  abordee  dans  l'hypothese  d'eccui ament  bidimensionnel.  Le  domaine  (voir  figure  3)  est 
constituS  d'un  champ  rectangulaire  dans  lequcl  est  placS  un  obstacle  mince  perpendiculaire  3  la  direc¬ 
tion  genSvale  de* l'Scoulement.  II  est  alimente  par  un  ecoulement  prlmSlangS  constituS  d'air  et  de  com¬ 
bustible  gazeux.  La  combustion  est  supposS  rlgie,  par  un  modele  de  combustion  propose  par  Spal'ding  et 
baptisS  •Eddy-Break-up"  £171  ;  il  s'agit  d'un  modele  classique  de  combustion  turbulente  oQ  celle-ci 
est  controlSe  par  le  mSlange.  Le  fluide  est  visqueux  et  les  caractSristiques  thermodynamiques  des  gaz 
brules  sont  supposees  identiques  3  celles  des  gaz  frais,  ceci  pour  allSger  la  rSsolutioq  numSrique.  Les 
Squations  de  bilan  de  chaque  cellule  prennenl  alors  la  forme  : 


1  I  p  A<\»  +  *  V  n  A.  A  *  o  (masse) 
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V*  est  la  fraction  maisique  de  combustible,  YK>0  celle  correspondant  au  premelange,  T>  le  coeffi¬ 
cient  de  diffusion,  wK  la  production  de  combustible  par  unite  de  masse, C  une  constante  du  modele 
de  combustion,  T  le  tenseur  des  forces  de  viscosite  qui  depend  du  modele  choisi,  U  l'energie  in¬ 
terne  physico-chimique,  H  l'enthalpie  physico-chimique,  le  flux  thermique  et  la  chaleur  de 
combustion.  Les  reactions  chimiques  sont  schemrtisees  de  faqon  simple  par  une  reaction  globale  uni¬ 
que  entre  le  combustible  K,  et  le  comburant  O  ,  donnant  des  produits  de  combustion  entierement  bru- 
les  : 


K  t  VO  -*  V 


Le  domaine  est  decompose  en  cellules  rectangulaires  identiques.  Le  passage  aux  equations  discrc- 
tisees  exploitables  numeriquement,  effectue  conformement  a  la  technique  decrite  au  £  1  ,  est  evident 
et  ne  sera  pas  detaille  ici.  Les  traitements  d'interface  choisis  different  suivant  qu'il  s'agisse 
d'interfaces  ordinaires  ou  limites.  Au  niveau  d'interfaces  ordinaires,  les  valeurs  des  parametres  sont 
les  moyennes  arithmetiques  des  valeurs  correspondantes  dans  les  cellules  adjacentes.  Au  niveau  des  pa- 
rois,  la  vitesse  est  nulle,  les  derivees  spatiales  des  composantes  de  la  vitesse,  intervenant  dans  les 
termes  d' effort  sur  les  frontieres  dans  les  equations  de  quantite  de  mouvement  ,  sont  modelisfes  de 
maniere  3  restituer  le  frottement  local,  les  pressions  et  temperatures  sont  egales a leurvaleur  dans  la 
cellule  (gradients  locaux  nuls  ).  Aux  interfaces  d'entree,  la  pression  d'arret,  la  temperature  d'arret 
et  la  composition  sont  imposees  fonction  du  temps,  la  vitesse  etant  ddduite  par  extropolation  des  vi- 
tesses  3  1'intSrieur  du  domaine.  Aux  interfaces  de  sortie,  seule  la  pression  statique  esi  imposes, 
tous  les  autres  parametres  etant  extrapolfis. 

La  simulation  numdrique  est  realisde  en  deux  etapes  :  mise  en  mouvement  3  partir  du  repos,  de  l'e- 
coulement  sans  combustion,  jusqu'3  obtention  d'un  regime  stabilise,  puis  initiation  de  la  combustion 
en  aval  de  l'obstacle. 

La  mise  en  mouvement  du  fluide  est  obtenue  en  augmentant  progressivement  (Sms)  la  pression  d'arret 
(de  50.000  3  52.000  pascals)  et  la  temperature  d'arret  3  l’entree,  simulant  la  compression  isentropi- 
que  d'un  reservoir  sit.ue  3  l'amont,  et  en  maintenant  constante  la  pression  de  sortie  (50.000  pascals). 
La  figure  4  presente  des  cartographies  de  vitesse  aux  temps  t  “  3  -  8  et  13  ms,  montrant  un  ecoule- 
ment  tout  d'abord  colle  aux  parois,  puis  le  ddclenchement  progressif  de  la  zone  de  recirculation  3  la 
pointe  do.  l'obstacle  et  son  dfiveloppement.  La  figure  5  presente  la  configuration  d'ecoulement  obtenue 
en  rdgime  asymptotique  mettant  en  fividence  une  zone  de  recirculation  longue  (8  fois  la  hauteur  de  l'ob¬ 
stacle).  Ce  resultat  correspond  3  un  modele  de  viscositS  turbulente  homogene  importante  ,  *  0,1  . 

La  figure  6  presente  involution  temporelle  de  la  vitesse  d'entrSe  et  de  la  vitesse  de  sortie  au  mi¬ 
lieu  de  la  portion  libre  du  cmal.Les  oscillations  mettent  en  evidence  les  temps  caractSristiques 
(10  ms)  de  propagation  des  ond'S  dans  le  canal  ;  le  temps  global  de  mise  en  vitesse  (  &  fco  **\*  ) 

caractdrise  l'inertie  de  la  colonne  gazeuse  ;  le  decalage  progressif  des  deux  vitesses  caract6rise  le 
developpement  de  la  Zone  de  recirculation  et  des  pertes  dues  aux  effets  visqueux. 

L' initiation  de  la  combustion  est  obtenue  en  supposant  que  le  combustible  contenu  dans  la  cellule 
situee  au  centre  de  la  recirculation  brule  instantanement  .  La  constante  C  du  modele  de  combustion  est 
prise  ici  Sgale  3  500  .  La  figure  7  presente  des  cartographies  de  temperatures  obtenues  3  des  instants 
successifs  en  maintenant  constantes  les  conditions  aux  limites.  Au  ddbut  de  la  sequence,  les  processus 
de  diffusion  thermique  prennent  le  pas  sur  la  combustion  et  la  zone  d'initiation  se  refroidit  au  pro¬ 
fit  des  cellules  environnantes.  Par  la  suite,  la  combustion  devenant  plus  intense,  le  niveau  gendral 
de  tempdrature  augmente.  Le  processus  dtant  trSs  rapide,  la  masse  contenue  dan-  les  cellules  ou  se  pro- 
duit  la  combustion  varie  peu,  et  la  pression  augmente  considerablement  devenant  largement  superieure 
aux  pressions  imposees  aux  deux  extremitds  du  champ  ce  qui  provoque  un  refoulement  3  l'entrde  et  3  la 
sortie,  phdnomSne  rdaliste,  mais  ne  permettant  pas  d'atteindre  un  rdgime  stabilise. 

Pour  cviter  ce  phenomSne,  un  pilotagedes  conditions  aux  limites  d'entree  a  dtd  mis  au  point  rdali- 
sant  la  simulation  d'une  alimentation  par  col  sonique  desamorqd  ,  l'onde  de  choc  se  plaqant  3  proxi- 
mite  de  la  section  d'entrSe  oc  reagissant  instantanSment  3  Involution  des  conditions  dans  cette  sec¬ 
tion.  Ce  sont  t-.ujours  les  pression  et  tempdrature  d'arret  amont  qui  sont  imposees:  la  pression  d'ar¬ 
ret,  au  lieu  d'etre  maintenue  constante  est  continuelleraer,'.  rdajustde  de  maniere  3  induire  un  ddbit 
d'entree  constant,  la  temperature  d'arret  est  maintenue  constante. 

La  figure  8  prdsente  les  resultats  obtenus  dans  ces  conditions.  Pendant  les  premiers  instants,  le 
processus  est  identique  3  celui  du  cas  precedent  mais  d6s  que  la  pression  dans  la  zone  de  combustion 
augmente  notablementi  la. pression  d'entree  reagit  et  augmente  entrr.inant  une  convection  de  la  zone  de 
combustion  vers  l'aval.  La  fraction  de  gaz  chauds  restant  derriSre  l'obstacle  provoque  1' inflammation 
des  gaz  frais  depassant  l'obstacle  et  une  deuxiSme  poche  de  combustion  est  formde.  Le  processus  se 
poursuit  jusqu'3  obtention  vers  t  ■  75  ms  d'un  regime  entierement  stabilise  ou  la  zone  de  combustion 
se  ddveloppe  latdralement  3  partir  de  la  zone  de  recirculation  avec  laquelle  elle  se  trouve  en  equili- 
bre  dynamique  et  dnergetique.  La  zone  de  recirculation  est  alors  considerablement  plus  courte. 

I-a  figure  9  presehte  Involution  temporelle  de  la  pression  statique  dans  la  cellule  o3  la  combus¬ 
tion  a  dtd  provoquee  et  de  la  pression  dlarret  3  l'entrde.  Les  oscillations  sont  le  rdsultat  du  coupla- 
ge  enire  les  conditions  d'entrSe  et  la  combustion.  Le  dephasage  peu  important  entre  les  deux  profils 
est  du  3  la  faible  distance  entro  l'entrde  du  domaine  et  le  point  d'initiation. 

Les  resultats  suivants  concernent  la  comparaison  entre  les  regimes  stabilises  sans  et  avec  com¬ 
bustion.  La  figure  10  presente  les  profils  longitudinaux  de  vitesse  pour  deux  lignes  situees  dans  la 
partie  libre  et  dans  la  partie  obstrude  du  canal.  Elle  met  en  evidence  1' acceleration  de  l'dcoulement 
due  3  la  combustion.  La  figure  11  prdseute  sur  ces  memes  lignes  les  profils  de  temperature.  Ls  figure 
12  reproduit  des  profils  transversaux  de  temperature  et  de  vitesse,  legerement  en  av*l  de  l’obstacle, 
dans  la  zone  de  recirculation.  La  figure  13  presente  des  profils  longitudinaux  de  pression  statique 
dans  la  partie  libre  du  canal  ;  leur  forme  est  classique  de  ce  type  d'ecoulements.  La  figure  14  pre¬ 
sente  pour  differentes  positions  transversales,  des  profils  longitudinaux  de  fraction  massique  de  com¬ 
bustible  mettant  en  evidence  le  degre  d'avancement  le  plus  eleve  de  la  combustion  dans  la  zone  de  re¬ 
circulation  bien  que  limite  par  le  niveau  des  dchanges  de  cette  zone  avec  le  fluide  sain.  La  validite 
des  resultats  obtenus  du  point  de  vue  de  la  combustion  ne  sera  pas  discutde  ici  car  elle  est  essentiel- 
lement  liee  auxmodeles  choisis. 
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La  modelisation  des  effets  visqueux  reste  un  probleme  deiicat.  Des  modeles  de  turbulence  ont  dte 
essayes  qui  permettent  de  retrouver  des  resultats  voisins  de  ceux  obtenus  ici,  cependanr  ce-,  resultats 
sont  excremement  sensibles  aux  valeurs  desconstantes  introduites  dans  les  modeles.  Cependant,  cette  etude 
met  en  evidence  la  capacite  de  la  methode  a  aborder  l'etude  des  regimes  transitoires  lors  de  l'allu- 
mage  d'une  rechauffe  ou  le  debit  d'entrde  est  egalement  fixe,  et  la  possibility  d'acceder  aux  niveaux 
de  perturbation,  problSme  important  pour  les  motoristes. 

4)  APPROCHE  DE  LA  MODELISATION  D'UNE  ZONE  PRIMAIRE  SCHEMATISES 

Une  etude  de  modelisation  de  zone  primaire  a  etd  engagee,  en  collaboration  sur  le  plan  experimen¬ 
tal  avec  l'dquipe  MAGRE-HEBRARD  [18]  ,  dans  l'optique  developpee  au  §  1 .  La  chambre  de  combustion  rda- 
lisde  pour  l'etude  experimentale  (voir  figure  15)  est  composde  de  deux  volumes  parallelepipediques  mis 
en  comminication  l'un  avec  l'autre  par  des  orifices  decaracteristiques  ajustables  tenant  lieu  d'orifi- 
ces  primaires.  Le  fluide  traverse  completement  le  boitier  d' alimentation  (volume  inferieur),  une  partie 
du  flux  penetrant  dans  la  chambre  (volume  superieur) .  Les  deux  debits  sont  regies  par  des  cols  soniques 
places  dans  le  meme  plan  5  la  sortie  de  la  maquette.  L'injection  du  carburant  peut  etre  realisee  par 
differents  systemes  :cannes  de  prdvaporisation,  inje^teurs  tourbillonnaires,  etc...  .  Un  programme  de 
calcul  tridimeasionnel  a  etS  rdalisd  sur  le  meme  principe  que  le  programme  bidimensionnel  dej3  presente. 

Le  domaine  de  calcul  (voir  figure  15)  correspond  strictement  3  la  georaStrie  d'une  cellule  dlementaire 
de  la  chambre  experimentale.  les  resultats  presentes  ici  correspondent,  aux  premieres  tentatives  de  cal¬ 
cul  sans  combustion. 

La  technique  de  simulation  de  la  presence  des  cols  des  deux  chambres  ayant  presents  des  difficultSs 
de  mise  au  point,  la  technique  de  controle  des  conditions  aux  limites  utilisSes  en  bidimensionnel  a  StS 
reprise  ici.  La  pression  d'arret  3  l'entree  du  boitier  d' alimentation  d  ete  mortSe  en  5  ms  de  100. COO  d 
108,000  pascals,  la  pression  statique  de  sortie  du  meme  boitier  a  etS  montee  duns  le  meme  temps  de 
100.000  d  105.000  pascals,  la  pression  statique  de  sortie  de  la  chambre  a  etS  nnintenue  constante.  La 
figure  16  presente  les  Svolutions  temporelles  des  dSbits  d'entrSe  dans  le  boitier  d'alimentation  (E) , 
de  sortie  de  ce  boitier  (A),  dans  l'orifice  primaire  (X)  et  de  sortie  de  la  chambre  (C) .  Elle  met  en  evi¬ 
dence  les  dephasages  entre  les  diffSrents  points  du  domaine  et  le  temps  caracl  Sristique  inertiel  (o<  2.01*5) 
Le  dSbit  primaire  en  rSgime  stabilisS  correspond  d  15  1  du  debit  total. 

La  figure  18  prSsente  des  cartographies  de  vitesse  (dchelle  logarithmique)  pour  le  regime  stabilisS. 

La  configuration  de  l'dcoulemcnt,  complexe,  fait  apparaitre  des  zones  de  recirculation  en  fond  de  cham¬ 
bre  et  latdrales  par  rapport  au  jet.  La  valeur  relativement  peu  elevde  du  ddbit  primaire  et  la  forte 
viscositd  (^i^l)  expliquent  l'inclinaison  moddrde  du  jet  et  la  faiblcsse  de  1' impact  sur  la  paroi  oppo- 
sde.  L' allure  du  profil  de  vitesse  en  sortie  de  chambre  est  du  aux  diffdrencea  de  pertes  de  pression 
d'arret  entre  les  diffdrents  filets  de  courant.  Les  resultats  expyrimcntaux  correspondant  ne  sont  pas 
encore  disponibles.  Des  calculs  sont  en  cours  pour  des  niveaux  de  viscosity  plus  faible  et  un  domaine 
allongd.  L5  encore,  le  modaie  de  viscosity  a  uno  grande  influence  sur  les  rdsultats. 

■j)  CONCLUSION 

Le  principe  de  l'approche  adoptde  par  I'ONERA,  pour  les  etudes  eu  regime  instationnaire  des  zones 
de  combustion  avec  recirculation,  fondd  sur  une  simulation  numyrique  dans  des  configurations  de  cham¬ 
bre  schdmatisdes,  permet  d'aborder  l'dtude  des  rdgimes  transitoires  qui  in'dressent  actue1''-mcnt  les  mo¬ 
toristes.  Elle  ae  situe  a  la  jonction  de  l'analyse  des  mdcanismes  foudamentcux  de  la  combustion  turbu- 
lente  et  de  la  prdvision  de  leurs  effets  dans  I.1  environnement  d'une  chambre  de  combustion.  Les  rdsultats 
obtenus  aetuellement  sont  partiels  mais  retrouvent  ddj3  1' importance  des  fluctuations  de  pression  lors 
des  phases  d'allumage  j  le  programme  de  calcul  tridimensionnel,  qui,  avec  un  nombre  de  mailles  raisona- 
ble  (2400  cellules  de  1  cm  de  cotd),  aboutit  3  des  descriptions  d'dcoulements  ddj3  complexes,  sera  un 
instrument  efficace,  et  la  confrontation  des  rdsultats  obtenus  avec  les  rdsultats  experimentaux  corres¬ 
pondant,  tant  en  regime  transitoire  qu'en  rdgime  stationnaire,  doit  permectre  l'  elaboration  et  la  va¬ 
lidation  de  modeles  de  turbulence  et  de  combustion  realistes  et  transposables  3  des  chambres  industriel- 
les. 
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Fig.  16  -  Domaine  de  cal  cut  de  la  zone  schtmatisie. 
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Fig.  17  -  Evolution  temporelle  des  debits.  F.ntric  admission  E  ; 
sortie  admission  A  ;  orifice  primaire  T ;  sortie  chambre  C. 
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SUMMARY 

The  transient  response  of  large  burners  depends  primarily  upon  fluid  mechanical  adjustment  rather 
than  upon  a  time  delay  associated  with  chemical-  response.  Examples  of  this  behavior  are  the  non¬ 
steady  behavior  of  burners  in  utility,  boilers,  and'  the  low-frequency  response  of  afterburners  in  air¬ 
craft  gas  turbines.  Previous  investigations  have  shown  that  the  distorted  flame  interface  during 
non-steady  operation  causes  an  active  response  to  acoustic  input  at -selected ‘frequencies.  This  re¬ 
sult  depends  upon  fluid  dynamic  behavior  of  the  gas  of  very  different  densities  upstream  and  down¬ 
stream  of  the  flame  front. 

In  the  present  work,  the  behavior  of  these  stabilized  flame  zones  are  examined  when  they  are 
situated  in  an  afterburner.  The  turbine  discharge  and  the  nozzle  inlet  planes  are  represented  by 
appropriate  admittance  functions  for  low  frequencies.  The  distances  which  separate  turbine  dis¬ 
charge,  flame  holders,  and  nozzle  throat,  as  well  as  the  number  of  flame  holders,  are  parameters 
in  the  problem. 

The  results  show  that  small  disturbances  which  originate  in  combustion  roughness,  may  be  amplified 
to  serious  amplitudes  and  the  amplitude  level  is  a  strong  function  of  the  geometric  parameters  of 
the  flame-afterburner  arrangement.  In  some  instances  instability  may  result. 

1.  INTRODUCTION 

Combustion  noise  and  combustion  instability  in  propulsion  systems  frequently  is  associated  with  the 
response  of  the  combustion  process  to  local  pressure  and  velocity  disturbances  and  to  the  acoustic 
characteristics  of  the  complete  system  (1,2).  The  frequency  spectrum  that  is  important  depends 
upon  the  acoustic- modes  of  the  system;  in  gas  turbines  and  rocket  motors,  the  frequencies  often 
lie  in  the  range  of  several  hundred:  to  several  thousand  cycles  per  second.  When  the  frequencies 
are  of  the  order  of  a  kilohertz,  the  rates  of  the  chemical  reactions  contribute  to  the  time  delay  in 
an  essential  way  (3).  Using  this  fact  it  has  been  possible  to  scale  the  results  of  experiments  on 
cumbustion  systems  utilizing  various  fuel  types  (4)  and  different  geometric  configurations.  For 
frequencies  of,  say,  100  Hertz  or  less,  the  chemical  times  are  less  important  and  other  features 
of  the  combustion  system  determine  Yhe  detailed  response  of  the  burners  Recently  two  of  us  (5) 
considered  a  flame  stabilized  at  the  center  of  a  two-dimensional  channel  of  infinite  length,  by  a 
central  body  of  finite  size.  Under  steady  operation  the  flame  spreads  from  the  center  body  to  the 
duct  wails;  when  the  combustion  process  between  the  burned  and  unburned  gas  can  be  characterized, 
the  flame  shape  and  the  flow  field  may  be  calculated.  This  steady  configuration  was  then  per¬ 
turbed  by  an  acoustic  wave,  the  bodies  of' high-density 'gas;  pi,  and  low-density  gas;  pa-,  were 
disturbed  and  the  flame1  interface- distorted  to  accommodate  these  disturbances,  The  process  of 
recovery  to  the  steady-state  flame  shape  constitutes  the  "response”  of  the  combustion  process; 
the  magnitude  of  the  response  and  its  time  delay  are  thus  features  of  the  combined  transient 
motion  of  the  gas  and  the  flame  front.-.  The. ’results  of  calculations  based  on  this  model  showed 
acoustic  transmission  and  reflection  coefficients  indicating  signal  amplification  at  certain  char¬ 
acteristic  frequencies.  It  appeared,  therefore,  that  with  certain  reflection  conditions  ahead  of 
and  behind  the  burner;  large  pressure  oscillation  levels  could  be  maintained  and,  perhaps  in¬ 
stability.  •  •  •  ■ 

The  present  investigation  applies  the  results  of  our  ;previous  investigation  to  a  rudimentary 
afterburner  configuration.  The  work  constitutes  the  first  step  in  constructing  a  rational  model 
for  low-frequency  disturbances  in  afterburners. 

2.  ANALYTICAL -DESCRIPTION-1  OF  A 
‘NON-STEADY-  STABILIZED- FLAME 

Consider  a  flame  in  a  duct  of  half-width  -t  ,  fixed  at  a  point  near  the  centerline  ;by  a  flame  holder. 
Fig.  1.  The  flame  is  described  as  a  sheet,  thin  in  comparison  with  other  significant  lengths  of 
the  problem,  and  characterized  by  a  local  flame  speed  wj  which  denotes  the  component  of  gas 
velocity,  normal  to  the  flame  on  the  upstream  side,  measured  relative  to  the  flame  sheet.  The 
position  of  the  flame  sheet  is  described  by  its  distance  ■?.«,£>  from  the  center  line  of  the  duct, 
the  x-axis.  Neglecting  gravitational  effects,  the  flow  fields  ahead  of  the  flame,  region  1,  and 
downstream  of  the  flame,  region  2,  are  described  by  equations  of  continuity  and  motion 
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'together  with  the  thermodynamic  relation 
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which  states  that  there  are  no  entropy- producing  mechanisms  apart  from  the  flame  itself.  The 
variables  describing  the  upstream  and  downstream  fields  are  indicated  by  subscripts  1  and  2. 
state  of  the  gas  far  ahead  of  the  flame  is  uniform,  irrotational  and  of  uniform  entropy. 


Figure  1.  Notation,  and  Geometry  for  Flame  Stabilized  in  Duct. 

The  two  flow  fields  are  matched  across  the  flame  sheet  by  mass  and  momentum  conservation  rela¬ 
tions  and  by  the.  kinematic  conditions -that  the  flame  sheet,  and  the  flow  fields  deform  in  a  consistent 
manner.  These  kinematic,  conditions  resemble,  that  at.  the  liquid  surface  in  conventional  wave  theory 
but.  here  there  are.  fixed  propagation  speeds  of  the  surface  with  respect  to  the  upstream  and  down¬ 
stream  fields.  These  relations  are 

||  *  «»<*.?.<>!!  •«  kif*,*,*)  ■» 

where  it-  is  the  local  angle  between  the  flame  sheet  and  the  x-direction,  w*  is  the  normal  flame 
velocity,  defined  on  the  upstream  side  of  the  flame,  and  wj  is  the  corresponding  quantity  downstream 
.of  the  flame. 

Conservation  laws  across  the  flame  sheet- are  applied  in  reference  frame  of  the  flame  itself  and  in¬ 
volve  values  of, the  field  variables  at  the  flame..  Mass  conservation  takes  the  form 

f.*i  •  {7) 

which  defines  the  value  of  wa  in  equation  6.  The  momentum  balance  normal  to  the  flame  surface  is 
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and  because, the  pressure  is  continuous  along  the  flame,,  the  momentum  component  parallel  to  the 
flame  surface  is  conserved  and  reduces  to  the  condition  that  the  tangential  velocity  component  is 
conserved. 

■*  r*  tMd 

(9) 

The  combustion  process,  within  the  flame  produces  an  increase  AH  in  stagnation  enthalpy  which, 
because  it  is  large  in  comparison  with  the  change  in  kinetic  energy,  permits  writing 

(tv/i»;  }(  ar  ■/  4  oh/c„t,  (10) 

Moreover,  according  to  equation  8,  the  pressure  ratio  across  the  flame  is  of  order  of  the 
square  of  the  Mach  number  based>  upon^the  flame  propagation  speed.  It  is  quite  satisfactory 
to  neglect  this  pressure  change  as  it  affects  the  temperature  ratio  across  the  flame,  but  it  is 
essential  in  the  momentum  balance  and  in  determining  the  shape  of  the  flame  sheet.  Then  with 
very,  good  accuracy 

F,  / Tv.  3  /♦'  We»7,  ,1n 


and  hence  from  equation  7, 
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3.  THE  INTEGRAL  RELATIONS 

The  description  of  a  stabilized  flame  that  is  disturbed  by  plane  acoustic  waves  consists  of  three 
zones:  (1)  that  far  ahead  of  the  flame,  in  which  an  acoustic  signal  originates,  (2)  the  region  near 
the  flame  which  responds  to  the  pressure  field  imposed  by  the  wave  impinging  from  upstream,  and 
(3)  the  region  far  downstream  into  which  an  acoustic  signal  is  transmitted  as  a  result  of  the  re¬ 
action  of  the  flame  zone  to  the  imposed  signal,  There  will,  of  course,  be  an  acoustic  wave 
"reflected"  into  the  region  from  which  the  signal  originated.  Treatment  of  the  gas  as  incompress¬ 
ible  in  the  flame  zone  simply  implies  that, the  large  density  change' which  takes  place  across  the 
flame  sheet  dominates  any  small  density  changes  that  arise  from  the  acoustic  disturbance  or  from 
the  relatively  small  gas  velocities  near  the  flame. 

The  flow  fields  near  the  flame  zone  are  described  by  an  integral  technique  in  which  the  equations 
of  continuity  and  motion  are  integrated  with  respect  to  y  between  the  flame  and  the  duct  wall.  On 
the  upstream  side  of  the  flame  the  region  of  integration  is  from  w  *  7(x,f  )  to  y  =  t  and  the 
continuity  equation  in  region  1  becomes  * 

ft  U-y)+  S'Ctfi  *© 


where  we  define  as  mean  velocity  across  the  region  upstream  of  the  flame  sheet. 

Applying  the  same  technique  to  the  equation  of  motion  in  the  x-direction  leads  to 

♦  tyj?*  U,rKTjV*  Sec* 


and  the  second  equation  of  motion,  equation  3  assures  that  the  variation  of  pressure  in  the  y-direc- 
tion  is  small  so  .that  the  mean  pressure  is  nearly  independent  of  v.  The  similar  set  of 

equations  downstream  of  the  flame  sheet  are 

§1  sec#  *o 
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The  relevant  matching  conditions,  given  by  equations  5  -  12,  may  be  combined  to  eliminate  the 
vertical  velocity  component  that  no  longer  appears  in  the  integrated  equations.  By  subtracting 
equation  5  from  equation  6  and  employing  the  conservation  of  momentum  component  parallel  to  the 
flame  sheet,  we  find  that 

-  (*-')*>;*/'» jP 

t (i7) 

where  equation  12  and'  the  fact  that  Have  been  utilized  in  the  reduction.  Similarly 

equation  8  becomes 

i°< <*. )  •  (y-Of. k  1 

(18) 

and  hence  the  pressure  drop  across  the  flame  sheet  is  independent  of  .location.  Therefore  the 
pressures  at  any  value  of  x  differ  only  by  a  constant  value,  depending  upon  whether  the  point  is 
ahead  of  or  behind  the  flame. 

No  difficulty  arises  in  neglecting  the  pressure  variations  with  y  in  each  region  so  that,  approxi¬ 
mating  f>(*, 7, <1  by fts,i )  ,,  equation  18  holds  also  for  the  difference 

The  yaluestf.(*, r,<), Hhat  occur  on  the  right-hand  sides  of  equations  13  and  17  cannot, 
however,  be  replaced  by  the  corresponding  o  verage  values  u.(K.i)  ,  51  (*,  i )  without  violating 

the  conservation  of  momentum  in  the  duct.  Rather,  the  matching  conditions  across  the  flame 
must  be  utilized  to  approximate  local  values  for  these  quantities.  Calculations  of  the  detailed 
flow  field  ahead  of  the  flame  suggest  that  the  horizontal  velocity  component  at  the  upstream  f,*ve 
of  the  flame  surface  is  well  described  by 

We  utilize-  this  approximation  and  the  matching  conditions,  equations  5,  6,  9,  to  determine  the 
remaining  three  velocity  components  in  terms  of  the  flame  shape. 

4.  STEADY  .STATE  AND  PERTURBATION  PROBLEMS 

Calculations  based  upon  these  four  equation's,  13  -16,  divide  naturally  into  two  parts:  the  steady 
state  solution  which  gives  the  shape  of  the  flame  sheet  and  the  distributions  of  velocity  upstream 
and  .downstream,  and  time  dependent  perturbations  from  this  caused  by  acoustic  disturbances  that 
impinge  upon  the  region.  The  dependent  variables  may  be  decomposed  appropriately  as,  for 
example, 

iT,  ix.t)  *  uffy*.  *) 
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where  is  of  small  magnitude  determined  by  the  impressed  acoustic  disturbance.  Then 

the  steady  flame  sheet  is  described  by  the  zeroth  order .  set  of  equations,  ref.  5,  in  which 
,  y», are  prescribed  at  some  point  ahead  of  the  flame  and  the  condition 

T>;n(X)  -  =  (t-0  f.  u**  (2 

relates  the  two  pressure  fields.  We  assume  that  a,  small, 'flame  holder  exists  on  the  axis  of  the 
channel  so  that  the  flame  sheet  begins  a  small  distance  .off  the  x-axis  and  the  upstream  flow  is 
appropriately  deformed  in  the  vicinity  of  the  flame  holder.  Immediately  downstream  of  the  flame 
holder  the  initial  value  of  the  gas"  velocity  vanishes,  ua'u'(0)  =  0,  corresponding  to  conditions  be¬ 
hind  a  bluff-body  flame  stabilizer.  The  shape  and  velocity  distribution  for  a  steady,  stabilized 
flame  is  then  determined  by  integration  of  these  four  non-linear  differential  equations. 

Under  steady  operating  conditions  the  ratio  of  normal  flame  velocity  u0  is.  the  dominant  parameter 
which  fixes  the  shape  of  the  steady  flame  envelope.  Although  the  similarity  is  not  exact,  the  hori¬ 
zontal  coordinate  U»)  gives  a  representation  that  is  independent  of  *'•.  /u.  in  the  range 

of  interest.  This  general  representation  is  shown  in  Figure  2.  The  dependence  upon  the  density 
ratio  pi /pa  and  the  approach  Mach  number  is  rather  weak,  at  least  for  values  of  uo/ci  a  Mo  £  0.3. 


Figure  2.  Stead/  State  Flame  Shape. 

There  is  considerable  empirical  evidence  indicating  that  wi  ~  uo  for  turbulent  flame  zones  and 
thorefore  the  shape  of  the  flame  envelope  is  rather  insensitive  to  conges  in  -.he  approach  velocity. 
These  results  may  be  compared  with  those  obtained  by  Tsien  (6)  in  his  model  for  the  steady  ducted 
flame  and  by  Fabri  (7)  in  his  more  detailed  calculations  for  the  same  problem.  The  steady 
solutions  shown  in  Figure  2  form  the  basis  of  the  non-steady  perturbation  analysis. 

Now  for  the  non-steady  solution  we  retain  the  first-order  perturbation  terms  from  equations  13  -  16, 
with  the  result  that  we  obtain  a  set  of  four  linear  first  order  partial  differential  equations  (5)  whose 
coefficients  are  functions  of  x  determined  from  the  steady  flame  calculation.  The  matching  condi¬ 
tions  across  the  flame  sheet  again  supply  the  additional  relations  required  to  determine  the  com¬ 
plete  set  of  dependent  variables.  Equation  8  shows  the  perturbation  pressure  to  be  continuous 
across  the  flame, 

(22) 

so  that,  in  reality  there  is  only  a  single  pressure  perturbation  variable.  In  addition,  because  the 
flame  sheet  is  held  at  the  flame  holder, 

-  •  in  . 
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and  the  axial  velocity  perturbation 

(24) 

is  specified  by  the  flame  holder.  For  periodic  .solutions  ~  e’lU)t,  which  is  our  interest  here, 
these  become  a  set  of  linear  ordinary, differential  .equations  with  variable,  complex  coefficients. 
Pressure  and  velocity  disturbances  outside  the  flame'  zone  axe  described  by  waves  of  dimensionless 
strength  P+  and.  P“  .in/the  positive. and  negative  x-directions. 

To  examine  the  non-steady  behavior  we  consider  two  cases.  First,  .let  a  periodic  pressure  wave 
of  strength  pT  and  radian,  frequency,  ui  impinge  from  upstream.  ,A  pressure  wave  of  strength  Pj 
is  reflected  from  the  flame  zone  and  a  wave  of  strength  P£  is  transmitted  to  the  right,  down¬ 
stream  of  the  flame  zone.  Because  there  is  no  actfustif  vave  that  radiates  into  the  flame  zone 
from  downstream,  Pi  =  0.  The  corresponding,  acoustic  matching  conditions  .with  the  solutions 
to  the  differential  equations  in  .the  flame  zone  determines  the  complete  solutions  for  this  particular 
radiation  problem  (5)'; 

The  pressure  transmission  and  reflection  coefficients  are  of  primary  importance  because  it  is 


these  quantities  that  couple  the  non-steady  combustion  process  with  the  behavior  of  an  engine  or 
furnace  in  which  it  is  situated.  For  Case  1,  in  which  the  acoustic  input  approaches  from  up¬ 
stream,  the  transmission  coefficient  isT«fi/P,"  while  the  reflection  coefficient  is  (?•  /  Pi* 

both  of  which  are  complex.  The  magnitudes  in  ,  |  Rl  and  phase  if  and  for  the 
transmission  and  reflection  coefficients  are  shown  in  Figure  3  for  an  acoustic  disturbance  ahead 
of  the  flame.  The  Mach  number  of  the  approach  flow  is  Mo  =  0.  2,  the  flame  velocity  wt  /uo  =  0.  1 
and  the  density  ratio  -i  *  4-, S’  .  The  magnitudes  of  the  transmission  and  reflection  coefficients 


Figure  3a.  Acoustic  Response;  Wave  From  Upstream.  Mo  =  0.  2, 
wi/uo  =  0.1,  pi /pa  =4.5. 

a)  Transmission  -  Coefficient  Magnitude,  |T|  and 
*  Phase, 


Wl/U. 


Figure  3b.  Acoustic  Response;  Wave  From  Upstream,  M0  =  0. 2, 

Wi /uo  =  0.1,  pi  / p2  =  4.  5. 

b)  Reflection  Coefficient  Magnitude,  |r|  and  Phase,  f  , 

show  well-defined  peaks  at  certain  values,  of  the  reduced  frequency  /u©.  The  maximum  values 
of  these  coefficients  are  of  remarkable  strength  and  it  is  well  to  remember  that  because  the 
combustion  process  is  active  and  may  feed  acoustic  energy  into  the  system,  the  classical  implica¬ 
tions  of  "reflection"  and  "transmission"  are  inappropriate.  The  corresponding  results  for  different 
values  of  wi  /uo  show  similarly  strong  reflection  coefficients  but  with  peaks  that  occur  at  a  different 
selection  of  reduced  frequencies. 

Second,  let  a  pressure  wave-  of  strength  P*  dropihge  upon  the  flame  zone  from  the  region  down¬ 
stream  of  the.  flame.  A  consideration  similar  to  that  above  gives  the  relationship  between  the 
field  variables  on  the  downstream  edge. 

Because  the  acoustic  disturbance  Pi  originates  downstream  of  the  flame  zone,  the  transmission 
coefficient  is  T  =  PT/Pt  while  the  reflection-  coefficient  is  R  =  Pt/P^-  The  magnitudes  and  phases 
of  these  quantities  are  shown  in  Figure  4  for,  the  same  set  of  flame  conditions  as  those  for  Case  1 
shown  in  Figure  3.  When, the  disturbance  originates  downstream,  a  similar  set  of  pressure  peaks 
is  observed,  as  in  Cade.  1.-  The  physical  interpretation  of  this  response  , is  discussed  in  reference  5. 

5.  LOW  FREQUENCY  RESPONSE  OF  AFTERBURNER 

Consider  a  rudimentary  afterburner  configuration  of  constant  cross  sectional  area;  tl\e  plane  of  the 
flame,  holder  is  located,  at  x  =  0  and  there  are  four  flame  holder  poir.o  across  the  diameter  (two 
rings).  Thus  if  the -diameter  of  the  burner  is  P,  the  value  of  t  in  our,  flame  calculation  is  D/8. 
Suppose  the  .turbine  discharge  is  located  a  distance  La  ahead- of  the  flame  holder  plane,  the  flame 
zone  has  a,  length,  L,  a  rid,, the  nozzle  throat  is -located  a  distance  La  downstream  from  the  end  of 
the  flame  zone,  Thus  the  nozzle  throat  is  locatedl.at  x  -=  L  +  La-- 
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Figure  4.  Acoustic  Response;  Wave  From  Downstream.  Mo  =  0.  2, 

Wi/uo  =  0.1,  pi /pa  =  4.  5 

b)  Reflection  Coefficient  Magnitude,  |  R  |  and  Phase,  <|r. 

Ir.  Ihe  regions  outside  flame  zone  the  pressure  and  velocity  fluctuations  of  a  plane  wave 
acoustic  field  may  be  written 

i  p-er!”(*'jh) 
v-W, 

(25) 


where  u  and  c  are  the  local  gas  and  sonic  velocities  respectively;  P+  and  P"  are  the  complex 
amplitudes  of  the,  forward  and  backward  running  waves.  Then,  if  we  define  the  admittance  function 
|(x)  to  be 

iu>  c  jmuii  /jxk) 

*  «  >  (27) 
then  substituting  from  above,  we  may  represent  the  ratio  of  P*  .to-  P+  at  any  point  x  as 

P-/P. 

where.. M  -  u/c  is  the-.lo'cal  Mach  number. 

It  is  then  a  straightforward  problem,  in  one-dimensional  acoustics  to  match  wave  fields  in 
-Li  s  x  s  0  with  ..the  turbine  admittance  at  x  =  -Li '  and  the  flame  reflection  coefficient  at  x  =  0. 
Likewise  a  wave  field  in  the  region  L  £  x  S  L  +  La  may  be  devised  that  matches  with  the  end  of 
the  flame  zone,  x  =  L,  and  satisfies  the  nozzle  admittance  at  x  =  L  +  La. 

With  .this  formulation,  calculations  were  made  of  the  response  of  the  burner  to  a  unit  input  of 
prescribed  'frequency  located  at,  x  =  0,  the  flame  holder  plane.  Figure  5  shows  pressure"  response 
spectra  for.  a  set  ox  calculations  made,  for  Mo  =  0.2,  Li  Jt  ‘  5.  2,  lM  '=  10  "and  La/’t  =  26.  The 

values  of  the  acoustic  admittance  at  the  turbine  and  the  nozzle  were  £(-La)  =  -0.25,  |(L  +  La)  =  0.11 
respectively,  the  second  of  these  corresponding,  to  a  nearly  choked  nozzle.  The  pressure  responses, 
p'/p.,  made  dimensionless  by  the'  imposed  pressure  amplitude  p^,.  are  shown  in  Figures  5a,  '5b,  5c, 


Figure  5.  Pressure  Fluctuation  Spectrum,  L. /■ l  =  ,5.  2 
d)  Nozzle  Inlet  1 

5d  for  stations  located  at  the  turbine  discharge,  the  plane  of  the  flame ’holder,  the  end  of  the  flame 
zone,  and  the  nozzle  entrance.  The  images  of  the  flame  zone  amplification  bands  are  clearly  shown 
and.  the  peak  of  most  interest  is  that  'which  occurs  at'  a  reduced  frequency  of  tu  t/uo  ~  2.  2.  The 
pressure  response  reaches  a  value  of  ~  15  near  the  end  of  flame  zone  and  at  the  plane  of  the 
nozzle. 

The  magnitude  of  these  pressure  peaks,  and  indeed,  which  of  the  burner  "modes"  is  amplified  de¬ 
pend  rather  sensitively  upon  the  entire  afterburner  geometry  as  well  as  upon  the  admittance  of  the 
turbine  and  nozzle  element.  Because  our  interest  here  is  primarily  in  the  structure  of  the  model, 
rather  than  in  the  performance  of  a  particular  afterburner,  we  shall  examine  only  two  of  theee 
parameters,  the  distance  from  the  turbine  to  flame  holder  and  the  acoustic  admittance  at  the  tur¬ 
bine  discharge. 

Figure  6  shows  the  pressure  response  at  the  four  stations  examined  previously,  when  the  distance 
from  turbine  to  flame  holder  is  reduced  to  Li/t  =  5.55.  Note  particularly  that  the  maximum  res¬ 
ponse  had  moved  to  a  higher  "burner  mode"  and  a  higher  frequency.  The  pressure  fluctuation 
ratio  at  the  turbine  discharge  plane  has  increased  to  a  value  of  nearly  40  from  a  value  of  about 
5  when  Li  /l  =  5.  2.  Pressure  fluctuation  levels  at  the  other  three  stations  are  correspondingly 
large. 


Figure  6.  Pressure  Fluctuation  Spectrum,  L,/t  =  5.55 
a)  Turbine  Discharge  1 


wl/u. 

Figure  6  Pressure  Fluctuation  Spectrum,  h./l-  5.55 
b)  Flame  Holder  1 
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Figure  6.  Pressure  Fluctuation  Spectrum,  L./4  =  5.55 
cj  End.  of;  Flame  Zone 


To  demonstrate  the  sensitivity  of  this  response  we  show,  in  Figure  7,  the  pressure  fluctuation  at 
the  turbine  discharge , as  distance  between  the.  flame  holder  and  the  turbine  is  changed.  The  specific 


(To 


results  are  fc>r  the  mode  at  0)4  /Uo  3.37,,  that  are  discussed  in  connection  with  Figure  6,  It  is 
remarkable  that  the  response  may  be  increased  by,  a  factor,  of  8  Nvith  a  change  in.  distance  of  less 
than  10$.  This  result  also  suggests  the.  importance  of  considering  the  details  of  the  geometry  more 
accurately.  It  seems  clear  that  situating  thec.  flame  holder  rings  at  different  locations  will  influence 
the.  results  of:  Figure  1  considerably..  Similarly,  details  of  .the  turbine  discharge  sJtpjtW  be  corres¬ 
pondingly  important;.  It  is  clear,  however,  that  the  basic  non-steady  flame  model  may  he,  adapted, 
to  more  complex,- configuration's.  J-  - 

Finally,  in.  Figure  8,  we  show  the  effect  of  turbine  acoustic  admittance  upon  the  pressure  fluctua¬ 
tion,  using,  the,  flame  holder  location  of  =  5.54  which  was  found  to  give  the  maximum  response 

for  a  turbine  reflection  coefficient  of  0,  6,  Mote  that  this  reflection,  .coefficient  a  is,  /elated  to  the 
turbine  =§  through  a  =  (1  ,£)/(!  +  ,f)«  As  the  reflection  coefficient  ;s  decreased  slightly,  the  pres¬ 

sure  fluctuation  at,  the;  turbine  discharge  increases.. sharply  and  the  burner  , becomes  unstable  at  a 
turbine  reflection  coefficient  of  ;abpu/0. 57.?- .•  :  | 


\ 


i' 


! 

s  > 


Figure  8.  Pressure  Fluctuation  as  a  Function  of  Acoustic 
Reflection  Coefficient  at  Turbine  Discharge. 

'Ll! I  -  5.  54',  Corresponding  to  Maximum 
Amplitude  From  Figure  7. 
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DISCUSSION 


O.K.LLee,  UK 

(1)  Does  the  flame-zone  considered  in  your  present  modelling  need  to  be  compact  relative  to  the  low  oscillatory 
frequency? 

(2)  IF  YES 

Would  the  solution  break  down  completely  if  your  modelling  is  applied  to  smaller  scale  laboratory  burners 
which,  under  forced  conditions,  may  have  the  parameter  (// u0)  close  to  your  limitation  of  1/4  wavelength 
compactness. 

Author’s  Reply 

The  model  rests  on  the  assumption  that  the  waves  propagating  in  the  duct  are  plane.  This  is  so  if  the  wavelength  is 
large  compared  to  the  duct  width,  the  flame  zone  need  not  be  compact  relative  to  the  wavelength.  An  additional 
comment  is  worth  giving.  Consider  the  greatest  reduced  frequency  used  in  the  calculations:  w//u„  =  6 . 

The  associated  wavelength  in  the  cold  stream  is  then  X  — // M0.  ForM0  =  0.1  the  wavelength  is  about  ten  times 
the  duct  half  width  (X  —  10/) .  If  we  also  assume  that  the  ratio  of  normal  flame  speed  to  free  stream  velocity  is 
w,/u0  =  0.1  then  the  corresponding  flame  length  is  about  ten  times  the  duct  half  width  (L  —  10/).  Thus  at  the 
greatest  reduced  frequency  considered  in  the  paper  the  wavelength  is  of  the  order  of  the  flame  length  and  the  flame 
zone  is  nearly  compact. 


A.Sotheran,  UK 

You  are  saying  that  the  maximum  response  is  when  the  flame  holders  are  situated  at  5D  downstream  of  the  turbine. 
It  would  be  a  fairly  closed  system.  In  practice  when  the  flame  holders  are  near  the  turbine  it’s  very  difficult  to  make 
an  after  burner.  Engines  like  the  TF30,  which  are  close  coupled  to  the  turbine  have  a  by-pass  stop. 

If  you  imagine  a  plane  wave  travelling  through  the  flame  front  it  may  cause  a  transverse  pressure  gradient,  that 
explodes  the  flame.  Is  there  any  possibility  of  expanding  your  analysis  to  include  this  cross  stream  effect? 

Author’s  Reply 

I  think  it’s  possible.  We  would  assume  2  pressure  perturbations  in  the  2  streams.  The  difficulty  in  integral 
technique  is  that  we  have  to  relate  those  2  perturbations,  maybe  by  the  momentum  equation.  We  don’t  use  the 
momentum  equation  in  the  Y  direction:  pressures  are  the  same  above  and  below  the  flame.  This  equation  is  able 
to  accommodate  a  pressure  gradient  in  the  Y  direction. 


Comment  by  A.Sotheran,  UK 

Incidentally,  in  after  burners  we  see  a  recovery  of  the  flame,  after  its  collapse,  remarkably  similar  to  the  film 
presented  in  the  previous  lecture  (Paper  16  by  F.Hirsinger  and  H.Tichtinsky). 


D.K.Hennecke,  Ge 

Do  you  want  to  keep  your  model  1-D? 

Author’s  Reply 

The  calculations  are  indeed  performed  in  the  case  of  a  constant  area  duct.  However  an  extension  to  the  variable  area 
duct  seems  possible.  The  basic  integral  relations  used  in  the  model  would  have  to  be  slightly  modified.  As  an 
example  Equation  (13)  describing  mass  conservation  in  region  1  should  be  written 

d  3 

dt  dx 

where  /  =>./(x) .  p  j  should  be  allowed  to  vary  with  x  and  similarly  p2  would  also  become  a  function  of  x.  Two 
additional  equations  would  then  be  required  arid  might  be  obtained  by  considering  the  balance  of  energy  in  regions  1 
and  2. 

As  implied  by.  Dr  Hennecke’s  question  this  extension  seeriis  worthwhile. 
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SUMMARY 

The  design  of  a  furnace,  or  more  specifically  the  prediction  of  the  performance  of  a 
chosen  design,  can  be  carried  out  at  several  levels  of  sophistication.  Dividing  the  per¬ 
formance  of  a  furnace  into  separate  procasses,  one  can  distinguish  between  fluid  flow, 
mixing,  combustion,  radiative  and  convective  heat  transfer,  conduction,  noise  generation, 
generation  of  pollutants,  etc.  Although  it  is  desirable  to  understand  all  these  processes 
for  an  optimum  design  or  operation  of  a  furnace/burner  combination,  in  practice  it  is 
usually  not  possible  to  attain  the  desired  objective  due  to  limitations  in  time,  money 
and  knowledge . 

Due  to  this  restriction  prediction  procedures  have  been  developed  for  separate  processes 
and  in  this  paper  it  is  attempted  to  classify  the  numerous  published  mathematical  models 
for  the  prediction  of  furnace  heat  transfer  into  three  categories.  The  degree  of  subdivi¬ 
sion  chosen  for  the  heat  transfer  calculations  (dimensionality)  has  been  used  as  main 
criterion;  It  is  shown  that  the  flow  pattern  and  the  desired  accuracy  determine  the  re¬ 
quired  degree  of  subdivision,  which  can  be  zero  dimensional  (model  type  I),  one  dimensio¬ 
nal  (model  type  II)  or  multi  dimensional  (model  type  III) .  The  survey  on  models  and  some 
applications  show  also  that  all  model  types  have  their  justification  and  their  specific 
range  of  application. 

Models  of  the  type  I  and  II  are  generally  considered  to  be  especially  suitable  for  prac¬ 
tical  furnace  calculations  and  parameter  studies.  In  principle  these  calculations  can 
also  be  performed  with  models  of  the  type  III  although  their  applicability  is  as  yet  con¬ 
fined  to  special  cases  which  can  be  handled  computationally  and  where  the  greater  effort 
and  expense  is  justified.  The  latter  is  fulfilled  in  cases  where  data  on  flow  pattern  are 
required  to  decide  if  models  of  the  type  I  and  II  are  applicable,  or  when  the  flow  data 
are  needed  as  inputs  and  cannot  be  provided  by  simple  isothermal  modelling  techniques. 
Type  III  models  could  also  be  of  great  value  for  parametric  studies  of  such  quantities 
whose  effect  on  heat  transfer  and/or  other  furnace  performance  data  cannot  be  predicted 
with  sufficient  accuracy  by  the  simpler  models. 

For  typical  3D  geometries  and  if  pollution  emission  data  are  to  be  predicted,  which 
depend  heavily  on  local  properties,  the  use  of  type  III  models  is  indispensable.  However, 
the  use  of  type  III  models  is  unfortunately  to  date  limited  in  their  application  to  prac¬ 
tical  situations  as  some  of  the  conditions  met  in  industrial  practice  can  only  be  appro¬ 
ximated  or  cannot  even  bo  handled  computationally,  i.e.  strongly  swirling  flows,  geometry 
of  industrial  burners,  soot  formation  and  radiation  etc. 


NOMENCLATURE 
A  Area,  m2 

Cp  specific  heat  at  constant  pressure,  kJ/kg°K 
E_  black  body  emission  ■,  kW/m2 

GG  total  exchange  area  between  two  gasvolumes,  m2 

GS  total  exchange  area  between  a  gasvolume  and  a  surface  element,  m2 

SS  total  exchange  area  between  two  surfaces,  m2 

H  lower  calorific  value  of  fuel,,  kJ/kg 

h  enthalpy,  kJ/kg 

Jj,  Jh  molecular  diffusiohflux  vector  of  mj  respectively  h,  kgj/m2s  and  kW/m2 
K •  attenuation  coefficient,  in  nr1 

k  heat  transfer  coefficient  at  the  wall  kW/m2  °K 

L  flame  length,  m 

to  mass flow,  kg/h 

mj  massconcentration  of  chemical  species  j,  kgj/kg 
p  pressure,  N/m2 

Q  heat  flow,  kW 

q  heat  flow  density,  kW/m2 

qstr  absorbed  radiative  energy  per  unit  volume  and  time,  kW/m3 

Rj  production  irate  of  mi  per  unit  volume  and  time,  kgj/m3.s 

T,  t  temperature  °K  and' °C 

Tv  shear  stress  tensor,  N/m2 

V  gasvolume 

x,y;z  cartesian  co-ordinates 

r , ,  6  cylindrical  co-ordinates 

a  convective  heat  transfer  coefficient  kW/m2  °K 

a  difference  between  two  values 


*)  Formerly .director  of  the  Research  Station  at  IJmuiden;  presently  employed  by 
Steinmuller  GmbH,  Gummersbach/Geirmany 
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c  emissivity 

n  furnace  efficiency 

p  density,  kg/m3 

i p  dimensionless  stream  functioii 

V)  velocity  vector,  m/s 

The  quantities  of  equation  (8  -  11) ,  which  are  marked  with  ,  represent  averaged  respec¬ 
tively  fluctuating  quantities.  The  sign  b  stands  for  a  tensor  multiplication. 


INDICES 

a  air 

f  fuel 

G  gas 

jet  forward  gas  flow 

i,j ,k,l  Characterization  of  gas  and  furnace  elements,  running  number 

in  entering  gas  flow 

net  net  exchange 

out  ieaving  gas  flow 

r  recirculating  flow 

U  ambient 

W  wall,  heat  sink 


1 .  introduction 

The  vast  amount  of  money  involved  in  the  combustion  of  fossil  fuels  in  industrial 
furnaces  has  for  many  years  stimulated  efforts  to  optimize  furnace  performance.  As 
the  achievement  of  this  goal  via  large  scale  experiments  on  individual  furnaces  is 
expensive  and  therefore  undesirable,  attempts  have  been  made  to  develop  mathematical 
prediction  procedures  for  furnace  heat  transfer  for  almost  half  a  century,  The  inabi¬ 
lity  to  accurately  describe  the  complex  interactions  of  the  physical  transport  pheno¬ 
mena  and  the  chemical  reactions  within  industrial  combustion  chambers  prevents  how¬ 
ever  an  exact  mathematical  solution  of  furnace  heat  transfer.  This  resulted  in  the 
development  and  publication  of  a  great  number  of  mathematical  models  with  different 
restrictions  and  limitations  as  the  selection  of  the  necessary  assumptions  and  appro¬ 
ximations  is  generally  based  on  specific  conditions.  The  large  number  of  models  and 
their  individual  range  of  applicability,  often  makes  it  difficult  to  decide  which  mo¬ 
del  is  best  suited  to  a  particular  purpose.  To  some  extent  these  difficulties  can  be 
overcome  when  the  models  are  classified  into  various  groups ,  characterized  by  well 
defined  specific  'limitations  and  application  ranges.  To  give  such  a  classification  is 
the  objective  of  this  paper. 

The  testing  and  further  development  of  procedures  to  predict  furnace  heat  transfer 
has  been  one  of  the  major  research  lines  at  the  Research  Station  of  the  IFRF  in  re¬ 
cent  years  (1971rl977) . and  the  close  contact  with  many  different  approaches  lead  to  a 
classification  of  the  models  into  three  basically  different  typ^-s.  These  model  types 
differ  both  in  their  degree  of  complexity  and  the  information  which  can  be  obtained 
from  their  applications 

•  Type  I  :  zero  dimensional  models 

Models  for  th>--  prediction  of  an  averaged  furnace  heat  transfer/  the  furnace  effi¬ 
ciency,  and  other  averaged  properties 

•  Type  II  s  one  dimensional  models 

Models  which  allOw  the  prediction  of  an  one  dimensional  heat  flow  distribution  and 
other  properties.  Mostly  as  representative  dimension  the  furnace  (flame)  axis  is 
chosen . 

•  Type  III  s  multi  dimensional  (2D,  3D)'  models 

Models  which  allow  the  determination  of  the  spatial  distribution  of  heat  flow  and 
other  properties.  Cylindrical  furnaces  can  be  dealt  with  by  comparatively  simple 
two  dimensional  (2D)  procedures,  whereas  most  industrial  furnaces  require  a  three 
dimensional  approach. 

In  spite  of  the  substantial  differences  between  many, of  the  mathematical  furnace  mo¬ 
tels  described  in  the  literature,  most  can  be  classified  under,  one  of  the  three 
groups  (model  types)  mentioned  above. 

In  chapter  2  the  main  features  of  the  various  model  types  and  the  approaches  used  at 
the  Research  Station  are  discussed; 


2.  MATHEMATICAL  MODELS  FOR  THE  PREDICTION- OF  FURNACE  HEAT  TRANSFER 

All  three  model  types  can  serve  the  same  basic  goal,  the  prediction  of  furnace  per¬ 
formance  from  known  input  and  boundary  conditions.  Final  objectives  may  however  be 
very  different,  firstly  by  nature  e.y.  for  fundamental  research  or  industrial  appli¬ 
cation,  and  secondly  for  their  major  field  of  interest  e.g*.  aerodynamics,  heat  trans¬ 
fer,  flame  mechanisms. 

As  far  as  fundamental  research  is  concerned,  modelling  techniques  can  generally  be 
simplified  either  from  theoretical  hypothesis  or  from  the  particular  design  of  a  tear 
rig.  In  this -case  the  various  comb us t ion  pi ocesses  can  be  separated  and  the  selection 
of  a  model  becomes  therefore  a  father  easy,  task.  However,  in  the  field  of  industrial 
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application  a  model  is  expected  to  yield  comprehensive  information  with  less  time  and 
at  less  cost  than  large  scale  experiments  as  a  means  to  improve  furnace,  burners  or 
process  design.  The  following  will  mainly  be  concerned  with  industrial  furnace  models 
where  emphasis  is  given  to  heat  transfer  performance.  Information  required  as  input 
and  obtainable  as  output  for  the  three  model  types  is  given  on  fig.  1. 


General  information  to  be 
specified  before  calcula¬ 
tion 


Additional  specific  information 
required,  depending  on  model  type 


Information  to  be  obtained, 
depending  on  model  type 


A.  Input  conditions 

Mass  flows, 
enthalpy  flow 
fuel  and  air 
composition 


TYPE  I  -  UNIFORM  FLOW  FIELD 


Average  convective  heat  transfer 
coefficient 


Average  values  of  gas  tenperature 
(Tg)  ,  wall-  and  charge  temperature 
(Ty) ,  heat  flow  to  wall  and  charge 
(Qy)  and  furnace  efficiency 


B.  Boundary  conditions 

Geometry,  conducti¬ 
vity  and  emissivity 
of  furnace  wall  and 
charge  ' 


TYPE  II  -  UNIDIRECTIONAL  FLOW  FIELD 

'Macro  flow  pattern  (forward  and  rer 
^  circulating  gas  flow) ,  axial  decay 
of  chemical  energy ,  local  convective 
-heat  transfer  coefficient 


Same  as  type  I,  but  additionally 
one  dimensional  distribution  of 
gas  (Tg)  and  wall  temperature  (Ty) 
and  heat  flow  density 


C.  Radiative  constants  TYPE  Til  -  MULTIDIRECTIONAL  FLOW  FIELD 


Gas  emission  and 
absorption  data  de' 
pending  on  radia¬ 
tive  submodel 


♦Complete  flow  pattern  and  spacial  gas 
jconcentrations,  turbulent  exchange 
Icoefficient  for  heat,  local  convective 
,heat  transfer  coefficient 


Same  as  type  I,  but  additionally 
complete  spacial  distribution  of 
gas  (Tg)  and  wall  temperature  (Ty) 
and  heat  flow  density 


Fig.  1  :  The  information  required  for  and  obtained  from  the  calculation  of  furnace  haat  transfer 

with  the  model  types  I  to  III;  the  various  specific  information  can  be  provided  from 
measurements  or  mathematical  submodels. 

The  detail  in  the  input  and  output  information  can  be  seen  to  increase  from  model 
type  I  to  type  III,  and  is  accompanied  by  an  increase  in  the  degree  of  subdivision  of 
the  furnace  under  consideration,  into  more  and  more  elements  as  shown  in  fig.  2, 


Fig.  2  :  The  degree  of  subdivision,  required  for  a  rectangular,  furnace  -  and  the  heat  flow  distribu¬ 

tion  obtained  -  independency,  of  the  model  type  totbe  applied. 


The  representative  model  types  I,  II  and  III  used_.at.  the  IFRF  are  all  based  on  the 
well-known  Zone  Method  developed  by  Hottel  et  al.[l3  for  the  calculation  of  radiative 
heat  transfer  in.  enclosures. 

2.1.  Model  type  I  (zero  dimensional  model,  fig.  2,  type  I) 

The  determination- of  the  distribution  of.  the  heat  flow  density  over  the  surface  of 
the  stock  is  desirable  and  sometimes  necessary,,  althbujti  a  proper  orienting  first 
step  which  often  suffices- is  the  determination  of  the  total  heat  transfer  as  a  func¬ 
tion  of  fuel  .and  air  inputs-.  Even  if  this  is  the- sole  objective,  knowledge  of  the  de¬ 
tailed  interaction 'of  radiation  and  convectiorr  wiyh  mass  transfer  and  combustion  is 
in  principle  necessary .  ..However ,  integral  formulations  are  tolerant  of  casual  treat¬ 
ment  of  detail,  especially  in  the  presence \of  the  levelling  effect  of  radiation,  and 
a  surprisingly  accurate  overall  performance  is  predictable  from  a  relatively  simple 
itbdel. 

A.  zero  dimensional  model  does  not  take  account  of  length-  and  time  dimensions  within 
the  furnace.  In  such  a  mode j.  gradients  of  quantities  like  velocities,  temperatures , 


heat  flux  densities  etc.  are  neglected  in  all  three  co-crdinate  directions,  which  im¬ 
plies  that  all  these  properties  are  considered  to  be  uniform.  The  model  is  thus  based 
upon  the  assumption  that  the  processes  inside  the  combustion  chamber  can  be  described 
with  a  reasonable  accuracy  by  one  representative  average  value  for 

-  combustion  pattern; 

-  gas  temperature; 

-  temperatures  of  the  heat  sinks; 

-  gas  concentrations; 

-  soot  particle  concentrations; 

-  radiation  characteristics; 

-  convective  heat  transfer  to  the  sinks; 

similar  to  the  processes  in  an  ideal  well  stirred  reactor. 

For  many  years  such  models  have  been  used  for  the  design  of  radiant  cells  of  boilers, 
furnaces  of  the  petrochemical  and  other  industries.  Well  documented  examples  of  zero 
dimensional  models  have  been  published  by  Hottel  and  Sarofim  Fl^,  Jeschar  and  Schupe 
and  Hotte!  [Xl*  Major  differences  between  the  numerous  models  to  be  found  in  lite¬ 
rature  are  the  treatment  of: 


-  the  radiative  exchange  between  gas-,  walls-  and  beat  sinks  (stock)  within  the  fur¬ 
nace  (e.g.  gray  or  non-gray  gas  radiation)  a;:d 

-  the  furnace  walls,  either  adiabatic  or  with  wujl  losses. 

Although  a  truly  zero  dimensional  situation  cannot  exist  in  practice  and  the  accuracy 
of  the  predicted  results  depends  on  the  degree  of  deviation  from  zero  dimensionality 
of  the  furnace /burner  system  under  consideration,  these  models  can  predict  the  right 
trends  for  the  effect  of  operational  variables  on  the  overall  furnace  perform; .rce  in 
most  cases,  i.e.  the  effect  of: 


-  adiabatic  flame  temperature  (fuel  type); 

-  heat  sink  temperature; 

-  firing  rate; 

-  heat  loss  through  walls; 

-  excess  air; 

-  air  preheat; 

-  oxygen  enrichment,  etc. 


Large  deviations  from  the  assumed  well  stirred  conditions  upon  which  the  model  is 
based,  can  cause  substantial  discrepancies  between  the  real  and  the  calculated  overall 
efficiency.  For  long  furnaces  with  a  small  cross-section  (no  gas  recirculation)  and 
cold  walls,  fired  by  a  shbrt  flame,_the  overall  efficiency  can  be  underpredicted  by 
more  than  20%  (flame  D.2.2,  ref  )“38J) .  Overpredictions  of  the  same  order  of  magnitude 
have  to  be  envisaged  when  the  model  is  applied  to  long  narrow  flames  in  a  comparative¬ 
ly  wide  combustion  chamber  (flame  29,  ref.  [343)- 

The  Re'ita.rch  Station's  model  type  I,  used  also  for  the  predictions  discussed  in  chap¬ 
ter  3.1,  is  a.  modified  version  of  the  rodel  described  explicitly  in  Major  changes 

adopted  are  the  inclusion  of  wall  losses  and  a  non-gray  gas  radiation  model.  For  each 
of  the  heat  sinks  i  (fig.  2,  furnace  hearth,  sidewiii.,,  roof)  and  for  the  gas  volume, 
energy  balances  are  drawn  up: 


heat  sinks  i 

GS^G  +  BjSpjBj  -  AieiE1  +  A^Tq  -  Tw<i)  =  A^tT^  -  T„) 

arriving  radia-  off  radi-  net  convective  net  boat  flow 
tive  heat  flux  ation  heat  flow 


GGE, 


XsiGEj  - 


4KVgEg 


A. a  .  (T„  -  T. ,  .) 
3  3  •  u  K ,  3 


+  ApH 


+  C  *(T. 

£ in 


-TG)  - 


(1) 


(2) 


arriving  radia-  off  radi-  net  convective  latent  enthalpy  flow 

tive  heat  flux  sticn  heat  flow  heat 


A  detailed  description  of  the  derivation  of  the  total  exchange  areas  GG,  GS  and  SS  can 
be  found  in  Fi  ,4 ,,5l-.  The  solution  of  these  non-linear  algebraic  equations  yields  the 
average  temperatures  of  the  heat  sinks  (Tw)  and  the  gas  volume  (Tg)  as  well  as  the 
heat  flows  to  all  heat  sinks  i  considered  within  the  furnace. 


•Model  type.  II  (one-  dimensional  model,  fig.  2,*>  type  II) 

Kher  the  combustion  system  unde,r  considr ration  deviates  strongly  from  the  well  stirred 
assumption,  the  heat  flow  distribution  i  loose  its  uniformity.  Although  adjustments 
can  be  made-  in  order  to  calibrate- the  zero  dimensional  models  .to  enable  the  determina¬ 
tion  of  an.  overall  efficiency  in  such  cases,  they  can  never  give  information  on  the 
distribution  of  the  heat ’flux  density  over  the  stock,  respectively  the  heat  sink.  This 
latter  information  is  however  required  under  circumstances'  where  the  heat  flow  densi¬ 
ties- have  to  be  kept  in;  between  certain  limits,  i.e.  because  of  the  danger  of  overhea¬ 
ting  of  the  charge  of  of  hazard  to  the  plant;  To  obtain  more  detailed  information,  is 
possible  only,  by  the  introduction  of  "dimensions11  like  time  and  length. 

In  many  furnaces. the  heat  flow  density  varies  dominantly  in  one  direction,  which  is 
generally  the  main  flow  direction,.  In  this  case,,  it  is  often  sufficient  to  introduce 
only  a  length  dimension  to  allow  the  determination  of  the  most  important  heat  flow  and 
temperature  distribution.  The  prediction  procedure  then  becomes  a  one  dimensional  mo¬ 
del,  an  illustrated  example  of  which  is  shown,  on  the  centre  of  fig.  2. 
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In  one  dimensional  furnace  models  generally  only  one  length  dimension  is  taken  ir.to 
account.  Gradients  of  the  different  quantities  in  the  two  other  co-ordinate  directions 
are  neglected.  This  implies  that  the  velocities,  temperatures  etc.  are  assumed  to  be 
uniform  in  finite  cross-sections  along  the  main  co-ordinate  direction.  Furnaces  for 
which  this  assumption  is  reasonable  are  usually  long  in  comparison  to  their  width  as 
in  such  furnaces  the  gradients  perpendicular  to  the  length  dimension  are  often  of 
minor  importance.  As  shown  in  chapter  3.2  the  application  range  of  one-dimensional 
models  can  be  extended  also  to  reverberatory  type  furnaces  (length  to  diameter  ratio 
small)  when  the  latter  assumption  is  modified,  i.e.  when  the  recirculating  gas  flows 
are  taken  into  account.  Of  course  the  information  on  the  flow  pattern  required  as  in¬ 
put  to  the  model  calculations  increases  with  increasing  complexity  of  the  adopted  flow 
model. 

The  subdivision  of  the  furnace  into  a  sequence  of  individual  sections  does  not  cause  a 
fundamental  change  in  the  calculation  procedure,  only  the  number  of  equations  increa¬ 
ses  cs  for  all  individual  elements  in  a  section  balance  equations  have  to  be  drawn  up. 
Each  section  can  be  treated  in  a  way  similar  to  the  procedure  described  in  chapter 
2.1. 

The  main  differences  encountered  in  published  work  on  one-dimensional  furnace  models 
are  in  the,  treatment  of  radiative  heat  exchange  and  the  assumptions  of  the  idealized 
flow  pattern  adopted  in  the  models. 

The  most  well-known  type  II  model  is  the  so-called  long  furnace  model  after  Uottel  and 
Sarofim  C1!-  Some  of  the  major  assumptions  made  are:  no  recirculation  of  gases  in  the 
furnace,  combustion  completed  at  the  burner  exit,  no  net  radiative  exchange  in  main 
gas  flow  direction: 

Sel£uk  et  al.  j[6j  assume  also  a  plug  flow  pattern  (i.e.  uniform  "forward"  velocity, 
temperature  and  species  concentration  at  any  cross-section) ,  whilst  taking  account 
of  radiative  interchange  between  different  locations  in  the  main  flow  direction  and 
allowing  for  a  gradual  "stepwise"  chemical  heat  release  along  the  flame  axis. 

In  situations  where  the  real  flow  pattern  is  not  approximated  by  the  plug  flow  con¬ 
cept,  e.g.  with  the  apprearance  of  substantial  recirculation  zones  in  the  combustion 
chamber,  the  plug  flow  assumption  leads  to  an  overprediction  of  heat  flow  density,  es¬ 
pecially  at  locations  where  considerable  heat  release  occurs.  Some  type  II  models 
allow  account  to  be  taken  of  gas  recirculation  zones,  when  these  are  confined  to  the 
burner  near  region,  by  using  a  well  stirred  plug  flow  conct pt  for  the  description  of 
the  flow  pattern.  Here  the  burner  near  section  is  treated  as  well  stirred,  the  succes¬ 
sive  sections  as  plug  flow.  The  length  of  the  well-stirred  section  is  usually  chosen 
to  cover  the  area  from  the  burner  inlet  to  the  point  of  impingement  at  the  wall,  i.e. 
the  part  where  recirculation  occurs.  Models  of  this  type  have  been  suggested  by 
Michelfelder  and  Lowes  [[53*  Lucas  and  Lockett  [[73  and  Clement  ([83. 

fhe  application  of  this  idealized  flow  pattern  description  is  obviously  not  suitable 
for  furnaces  in  which  the  recirculation  zone  stretches  over  the  entire  furnace  length 
or  covers  the  major  part  of  the  furnace  (heaters  in  chemical  industry,  reverberatory 
furnaces  etc.).  To  determine  a  heat  flow  distribution  n  such  furnaces  requires  a  more 
realistic  description  of  the  flow  pattern,  i.e.  a  mass  interchange  in  forward  and 
backward  direction  between  adjacent  sections  has  to  be  considered.  At  the  I FRF  a  model 
has  been  developed  [lo3  which  allows  account  to  be  taken  of  gas  recirculation  by  using 
the  flow  pattern  model  shown  on  fig.  3. 


m  ,  .  -  m  „  .  ih  ,  .  «  o  - 

r,l,in  r,2,out  r,2,in  r,3,out 


Fig.  3  :  Flow  pattern  model  suggested  for  the  determination  of  an  one-dimensional  heat  ilow  distri¬ 

bution  in  reverberatory  furnaces  after  (j ! q[J . 

As  indicated  on  this  figure  the  flow  is  separated  into,  a  forward  and  a  recirculation 
region  with  different  temperatures..  Although  the  radiation  exchange  is  calculated  with 
a  mean  sectipn  gas  temperature  '(one-dimensional  model)  a  pseudo  two-dimensional  treat¬ 
ment  of  the  flow  is  introduced  by  relating  the  mean  radiation  temperature  to  the  re¬ 
circulation-  (Tr)  and  jet-temperature  (Tjefc) . 
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With  the  radiation  exchange  calculation  based  again  on  the  Zone  Method  ~l~  the  bal¬ 
ance  equations  for  each  section  can  he  written  as: 

aas_volume^l 

f? lEj  *  {VA  -  4KVlEG,l  -  JV*«G,r,l  -  Vk>  *  »"V,1  +  <CpMG>j,t,!,i„  - 


<Cpfi<rGt36t,l,out+  <W  r.l.in  "  (Cpl!tTG)  r ,1  ,out  '  0 
he§t_sink_element_i_jfurnace_walls_t_char2e)_ 

ZGTs';E.  +  ZSTS.E.  -  A. e.E.  +  A. a.  (T„  „  ,  -  T.)  =  A.k. (T„  .  -  T  ) 
-:jij  i  k  ill  i  i  wr,i  i  ilW/i  a 


(3) 


(4) 


Apart  from  the  general  input  conditions  for  all  prediction  procedures  the  solution 
of  the  equations  requires  specific  data  on  the  global  forward  and  recirculating  gas 
flows,  the  chemical  heat  release  and  the  convection  coefficients  for  each  section. 
These  data  can  be  obtained  via  two  routes: 

-  for  simple  configurations,  from  separate  calculation  procedures  as  f.i.:  Thring- 
Newby  £ll3  or  Craya-Curtet  £'123; 

-  from  measurements'  in  an  isothermal  model  and/or  in  the  furnace. 

The  various  temperatures  appearing  in  equations  (3)  and  (4)  have  to  be  related  by 
empirical  functions.  For  the  correlation  between  mean  radiation  tenperature  and  the 
recirculation  or  jet  temperature  an  area  weighting  factor  concept  has  been  suggested 
in  [lb],  The  weighting  factors  depend  on  the  flow  pattern,  i.e.  characterized  by  the 
ratio  of  recirculation  and  forward  flow  area. 

The  calculations  discussed  in  chapter  3  have  been  performed  with  following  relations: 
!B£3D_f2S?ii?tion_  temperature 

(  RT  \  **  +  ( •P  \  4 

t  —  G/T/lyOUt  .  G  #  jet y 1 # out 

G,1  9 

re circul at ion_ temperature 

T  „  TG,jet,l,out  +  TG,r,l,in  +  TW,i 

G,r , 1  3 


For  the  heat  release  pattern  an  empirical  correlation  has  been  applied  which  corre¬ 
lates  the  flame  length,  with  the  burn-out: 


6chem  =  H’*f  "  e"*-6°5  <£>)  (7) 

The  range  of  applicability  of  one-dimensional  models  has  been  widened  considerably 
by  the  introduction  of  the  forward/recirculation  flew  treatment  developed  in  £lC”l, 
now  to  some  extent  also  two-dimensional  flows  can  be  handled  with  this  model,  :<i” 
the  transport  of  heat  and  mass  is  important  in  all  three  dimensions  of  real  combus¬ 
tion  systems,  then  the  only  model  which  can  be  applied  with  confidence  is  a  three- 
dimensional  model  as  shown  on  fig.  2,  model  type  III. 

2.3  Model  type  III  (three-dimensional  models,  fig.  2,  type  III) 

Apart  from  typical  three-dimensional  situations  there  are  a  few  more  conditions  which 
require  the  use  of  three-dimensional  models.  The.  prediction  of  the  following  quanti¬ 
ties  can,  under  three-dimensional  condition,  be  obtained,  with  some  only  with  two-  or 
three-dimensional  procedures: 

-  spacial  distribution  of  temperatures  and  heat  flux  densities  (fig.  2,  type  III); 

-  flpw  pattern  and  species  concentrations; 

-  pollutant  emission  (S0X,  N0X  etc.),;  because  the  formation  of  pollutants  is  strongly 
influenced  by  local  propeteries  within  the  combustion  chamber. 

The  application  of  three-dimensional  models  requires  the  subdivision  of  the  furnace 
into  many  individual  sections.  Usually  this  subdivision  is  along  the  directions  of 
the  chosen  co-ordinate  system,  regardless  of  the  main  flow  direction  (fig.  2,  type 
m)  .  The  geometry  of  the  combustion  chamber  and  the  position  of  the  flame  (s)  within 
th®  volume  dictate  the  number  of  dimensions  which  have  to  be  taken  into  account. 

Ari  example  of  a  three-dimensional  system  which  can  accurately  be  described  by  two  co- 
ordinates  only  is  a  vertical  axi-symmetric.  furnace  with  a  central  flame.  For  this 
specific  case  the  subdivision  in  annular  section-  is  most  suitable  (2-D) ,  whereas  for 
an  asymmetric  heat  sink  in  a  rectangular  enclosure  parallelepipeds  have  to  be  chosen 
(fig.  2/  typ®  III) •  Depending  on  the  calculated  quantities  the  published  work  on  multi¬ 
dimensional  prediction  procedures  can  be  divided  into  two  groups: 

-  models  (type  Ilia)  which  are  based,  on.  the.,  Zone  Method  Qlj,  which,  require  detailed 
special  input  information  prior  to  the  calculation  of  the  spatial  heat  flux  and  tem¬ 
perature'  distribution'  (fig.  1 ,  model  type  III) ; 
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-  models  (type  Illb)  which  are  based  on  the  numerical  solution  of  the  convective 
transport  equations,  the  solution  of  which  yields  information  on  the  spacial  dis¬ 
tribution  of  all  properties.  Similarly  to  the  model  type  I  only  the  general  inputs 
described  on  fig.  1  are  required' for  the  application  of  this  model. 


2.3.1  Three-dimensional  models  based  on  the  Zone  Method  of  analysis  (type  Ilia) 

For  this  model  type  energy  balances  are  formulated  ^for  all  ’the  elements  of  the 
subsections  similar  to  the  model  type  II.  The  only  basic  difference  between 
model  types  II  and  Ilia  is  that  for  the  latter  the  energy  and  mass  transport 
between  gas  volumes  is  no  more  confined  to  one  direction.  As  for  the  model 
type  I  and  type  II  total  exchange  areas  have  to  be  determined  from  so-called_ 
direct  exchange  areas  which  are  available  for  two  different  geometries  in  £lj, 
in  graphical  form  for  cubes,  and  tabulated  for  annular  sections  (axi-symmetric 
systems).. 

Richter  and  Rauersfeld  £l3]  reported  a  computer  programme  which  is  capable  of 
calculating  direct  exchange  area.s  for  annular  sections  of  rectangular  cross- 
section,  with  different  attenuation  coefficients  in  the  various  sections. 

Models  based  on  the  Zone  Method  have  been  applied  successfully  to  the  calcula¬ 
tion  of  the  spatial  heat  flow  distribution  in  different  types  of  combustion 
chambers  £14-16],  Of  special  interest  to  IFRF  members  are  the  applications  of 
the  Zone  Method  approach  to  the  Nr.  1  furnace  of  the  Research  Station£4,  181. 

A  major  shortcoming  of  the  model  type  Ilia  is  the  large  amount  or  detailed  In¬ 
put  data  required  on  flow,  mixing  and  .chemical  heat  release  before  the  solution 
procedure  for  the  determination  of  the  heat  transfer  can  be  started  (fig.  1). 
Global  assumptions  similar  to  those  made  for  the  model  type  II  are  not  suitable 
for  model  type  Ilia,  as  the.  accuracy  of  the  prediction  depends  heavily  on  the 
quality  of  the  input  data.  The  specific  inputs  can  be  obtained  in  enough  detail 
only  from  isothermal  models  or  predictions  from  models  of  type  Illb. 

Furthermore  it  is  virtually  impossible  to  correctly  incorporate  the  simultane¬ 
ous  dependency  of  the  attenuation  coefficient  on  the  local  gas  temperature  and 
the  temperature  of  the  radiation  source  within  the  conventional  Zone  Method. 
This  can  however  be  overcome  by  the  application  of  the  Monte  Carlo  Method  for 
the  calculation  of  direct  or  total  exchange  areas.  Published  examples  of  this 
method  can  be  found  in  £l3,  19,  20], 

2.3.2  Models  which  are  based  on  the  numerical  solution  of  the  convective  transport 
equations  (type  Illb) 

With  the  model  type  Ilia  energy  balance  equations  are  solved  to  predict  spatial 
heat  flux  and  temperature  distributions.  Before  the  model  can  be  used  detailed 
information  on  the  flow  and  concentration  field  is  required  as  input.  If  the 
determination  of  these  properties  should  be  included  in  the  prediction  proce¬ 
dure,  then  equations  describing  the  transport  of  species  and  momentum  are  to  be 
included.  Models  of  the  type  Illb  are  capable  of  doing  so  as  they  are  derived 
from  the  basic  differential  equations  which  describe  the  exchange  of  a) l  time 
averaged  properties.  For  a  quasi  stationary  flow  and  with  some  simplifications 
these  equations  can  be  written  in  vector  form  as: 


Continuity  equation  :  <3iv (o" ■vg)  =  0  (8) 

Transport  of  momentum  :  .div(p-w)’  os-j")  +  div((Tv"  o  wj)  “  -  grad  p  +  div'P  (9) 

Transport  of  species  :  dlv(pm\  "+  j\)  +  dlv (pm_.  )  =  Rn  (10) 

Transport  of  energy  v  div(ph  ”+  5^)  +  div(ph  )  =  qstr  (11) 


The  numerical  procedure  for  the  solution  of  equations  (8  ■-  11)  involves  the 
setting-up  of  an  orthogonal  computational  grid  to  cover  the  flow  field  and  the 
specification  of  boundary  conditions  along  the  flow  field  boundaries.  The  grid 
nodes  represent  centres  of  small  volume  elements  over  which  the  differential 
equations _are  numerically  integrated.  Sc  L”tioh  procedures  have  been  published  by 
Spalding  £21]  for  axi-symmetric  (2-D)  syr-  ?r.is  and  by  Zuber  £22]  for  three- 
dimensional  systems.  Models  of  the  type  I >  ,'b  have  been  used  with_some  success 
-by  Michel f elder. ;et  al.  f4i,  Gibson  and  Morgan  f23"t,  Lowes  et  al.£24l  and 
Richter  et  al.  £25-27j.”  r 

In  trying  to  apply  models  of  the  type  ^Ilb  to  combustion  systems  one  has  to 
face  several  principle  problemk: 

•  The  physical  relevance  of  t:ie  solution  of  the  flow  equation  depends  strongly 
on  the  correlation  terms  for  the  turbulent  properties  py/owf,  pm(»0’  and  ph’*')’, 
which  describe  the  increase  of  momentum-,  species-  and  enthalpy^ transport_due 
to  turbulent  exchange.  A  number  of  turbulence  .models  have  been  suggested  £281. 
it  is  however  still  necessary  to  "calibrate"  the  empirical  constants  of  these 
relations  to  the  flow,  problem  under  consideration.  Recent  investigations  at 
the  Research  Station  £29J  indicated,  that  the  so-called  £w  model  £30j  can  be 
used  with  good  confidence  for  enclosed- non-swirling  double  concentric  jets. 

•  -The  importance  of  radiative  exchange  in  furnaces  and  the  difference  m  nature 
between  the  transport  of  the  other  quantities  -  mass,  momentum,  species  and 
enthalpy  -  vaich  can  accurately  be  described  by  differential  equations  and 
radiation  whidh,  due  to  its  integral  nature,,  can  only  be  approximated  by  dif¬ 
ferential  equations,  introduces  another  principle  problem  for  type  Illb 
models. 
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Due  to  its  importance  an  exact  solution  of  radiative  exchange  is  desirable. 
With  the. large  number  of  elementary  volumes  required  for  a  reasonable  accu¬ 
racy  of  the  flow  calculation  this  would  however  lead  to  a  tremendous  demand 
in  computer  time  and  storage.  A  simultaneous  solution  of  both  flow-  and  con¬ 
centration-fields  and  heat  flow  distribution  is  possible  only  when  simplified 
radiation  models  are  used:  Such  models  have  been  suggested  by  Richter  and 
Bauersfeld  £l3],  Bartelds  et  al.  £3l1  for  two-dimensional  systems  and  by 
De-Marco  and' Lockwood  £32]  for  three-dimensional  systems. 

•The  subdivision  of  three-dimensional  systems  (number  of  volume  elements)  has 
to  be  restricted  due  to  the  excessive  computer  time  and  storage  of  the  solu¬ 
tion.  For  this  reason,  to  date  only  qualitative  information  has  been  obtained 
with  applications  of  type  111b  models  £22,  33']. 

The  above  mentioned  problem  areas  and  shortcomings  of  the  type  Illb  models 
(against  type  Ilia  models)  are  balanced  by  the  tremendous  advantage  of  the  mini¬ 
mum  of  input,  data  required. 

Presently  the  best  solution  for  three-dimensional  models  appears  to  be  a  combi¬ 
nation  of  the  advantages  of  both  model  types  by  combining  them  to  one  predic¬ 
tion  .procedure.  A  first  step  in  this  direction  has  been  undertaken  at  the  IFRF 
£4,  39,  40]. 


3.  COMPARISON  of  calculated  and  measured  data 

To  provide  data  which  allow  the  testing  and  further  development  of  mathematical  models 
a  series  of  furnace  trials  have  been  carried  out  at  the  IFRF  over  the  past  years.  The 
measured -data  referred  to  below  have  been  obtained  from  the  M2  £34]  and  M3-A  trial-. 
£35]. 

A  major  difference  between  both  trials  was  the  arrangement  of  the  water-cooled  heat 
sink  within  the  furnace.  Whereas  ai  symmetrical  heat  sink  was  chosen  for  the  M2  trials, 
to  enable  an  approximation  of  the  furnace/flame  configuration  by  a  two-dimensional 
system,  the  M3  trial  heat  sink  was  restricted  to  the  furnace  hearth  in  order  to  pro¬ 
duce  a  typical  three-dimensional  configuration  with  respect  to  heat  transfer.  Detailed 
information  on  the  experimental  set* up,  burners  and  fuels  used  have  been  given  else¬ 
where  £4,  34,  35]. 

The  calculated  data  presented  below  have  been  determined  with  the  prediction  proce¬ 
dures  described  in  chapter  2.  Depending  on  the  model  type  used  and  the  flame/furnace 
configuration  under  consideration  the  input  and  boundary  conditions  required  have 
been  provided  according  to  fig.  1. 

3.1  Model  type  I 

The  zero-dimensional  model  has  been  used  to  calculate  the  furnace  efficiency,  the 
overall  heat  transfer  to  furnace  walls  and  to  the  water-cooled  heat  sink  and  the  mean 
temperatures  of  thie  walls  and  the  gas  volume  for  a  series  of  gas  flames  fired  in  the 
M3-A  trial  £35]  furnace  configuration.  The  following  assumptions  have  been  made: 

-  non-gray  gas  radiation  (1  clear/2  gray  gas  approximation,  see  £l]) ? 

-  specific  heat  CD  =  f  (temperature,  concentration)? 

-  to  take  account  of  wall  losses  an  overall  heat  transfer  coefficient  has  been  intro¬ 
duced? 

-  total  exchange  areas  (SS,  SG,  GG)  have  been  evaluated  according  to  £l,  3J.  - 

Below. some  of  the  predicted  data  are  compared  with  the  corresponding  measurements. 

The  effect  of  furnace  loading  has  been  investigated  with  four  natural  gas  (NG)  flames 
(0.75,  1.5,  3  and  4  MW  thermal  input),  the  effect  of  the  fuel  LCV  has  beer,  studied 
with  three  3  MW  gas  flames,  i.e.  a  blast  furnace-gas  (BFG) ,  a  NG/BFG-  and  a  NG-flame. 
All  flanies  were  fired  with  the  same  burner.  Fig.  4  shows  a  comparison  of  the  measured 
and  predicted  effect  of  these  two  variables  (load,  LCV)  on  the  furnace  efficiency. 

Although  the  furnace  efficiency  is  underpredicted  in  all  cases  by  between  3  and  5%, 
the  overall  effect  of  the  variables  is  predicted  very  well.  The  discrepancy  between 
the  absolute  values  has  to  be  attributed  to  the  deviation  between  the  assumed  (well- 
stirred)  and  the  real  flow  pattern.  The  fact  that  the  mqdel  predicts  the  correct  ten¬ 
dency  indicates  however  that  an  improvement  of  the  accuracy  of  the  predicted  indivi¬ 
dual  efficiencies  is  possible  when  the  model  is  adjusted  to,  or  calibrated  for  the 
furnace  under  consideration.  For  this  purpose  Hottel  et  al.  £l,  3]  recommend  the  in¬ 
troduction  of  a  temperature  difference  between  the  furnace  gas  volume  and  the  flue 
gas,. 

The  difference  between  assumed  and" real  flow  pattern  has  a  less  pronounced  effect  on 
the  accuracy  of  the  calculated  mean  roof  temperatures?  they  are  compared  with  repre¬ 
sentative  averaged  measured  Yoof  temperatures  on  fig.  5. 

Further  parameters  whose  effect  on  the  furnace  efficiency  was  investigated  in  the 
M3-A  trials  were  various  burner  and  flame  types.  The  effect  of  these  parameters  can¬ 
not  be  taken  account  of  by  type  I  models.  At  a  furnace  loading  of  3  MW  the  maximum 
and  minimum  efficiency  recorded  was  nihax  =  56%  arid  hmin  *  46%.  This  difference  gives 
an  indication  of  the  range  of  uncertainty  which  one  can  be  faced  with  when  using 
type  I  models  without  adjustment  for  different  furnace  configurations.  However,  this 
type  of  model  is  rather  cany  to  handle  and  its  high  degree  of  flexibility,  makes  it 
applicable  to  a  great  number  of  situations. 
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Possible  applications  can  be: 

-  preliminary  design  of  a  furnace  and  estimation  of  dimensions; 

-  parameter  study; 

-  provision  of  starting  values  for  more  complex  models  (II,  III); 

-  optimization  of  the  overall  energy  consumption  of  a  furnace  in  relation  to  process 
variables  (capacity,  product  temperature  etc.) . 

This  latter  application  was  considered  during  the  IFRF  G1  trials  £36,  37l  concerning 
the  use  of  blast  furnace  gas  as  a  fuel  for  high  temperature  furnaces  of  the  steel 
industry,  such  as  slab  reheating  furnaces. 


Fig.  4  :  Measured  and  calculated  furnace  efficiencies  for  flames 

1,  2,  3,  4  (variable  furnace  loading)  and  3,  9,  II  ^variable 
lower  calorific  vaiue  LCV)  from  the  M3-A  trials  £35  J 

Effect  of  furnace  loading  :  Effect  of  LCV  : 

a  calculated  c  calculated 

b  measured  d  measured 


Fig.  .  5  :  Measured,  and  calculated  mean  roof  temperature’s  for -flames, 

l»  2,  3,  A  .(variable,  furnace -loading)  arid  9j  11  '(variable 
lower-  calorific  value  LCV)  from  the  M3-A- trials  £35  | 

Effect,  of  furnace,  loading  Effect  of  LCV  :  ' 

a  -  calculated  c  calculated 

b  measured  d  measured 
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3.2  Model  type  IT. 

The  type  II  model  described  by  the  equations  (3-7)  ha.;  the  widest  range  of  applicabi¬ 
lity  of  all  type  II  models  mentioned  in  chapter  2.2.  If  however  flow  pattern  can  be 
approximated  by  simple  assumptions,  other  type  II  models  like  the  long  furnace  model 
FlJ  or  the  well-stirred  plug-  flow  approach  can  yield  excellent  results.  The  importance 
of~the  flow  pattern/model  combination  is  shown  at  the  example  of' two  (natural  gas) 
flame/furnace  configurations,  i.e.: 

-  flame  D.2.2  fired  in  the  Delft  vertical  water-cooled  furnace  (0.9  m  diameter,  5  m 
length;  see  £381,  an<3 

-  flame  29  (M2  trials,  [341)  fired  in  the  IFRF  furnace  Nr.  1  (2  x  2  m  cross-section, 
6.25  m  length) . 

Flame  D.2.2  was  a  strongly  swirling  wide  flame  fired  in  a  rather  narrow  furnace 
(L/D  ^  5,5).  The  external  recirculation  was  due  to  the  confined  situation  limited  to 
the  burner  near  region.  This  configuration  is  almost  ideal  for  the  well-stirred  plug 
flow  approach. 

Flame  29,  however,  was  a  narrow  non-swirling  jet  flame  fired  in  a  rather  wide  furnace 
(L/D  '>■  3)  with  an  external  recirculation  over  the  entire  furnace  length. 

The  heat  flux  distribution  for  both  flames  has  been  calculated  with  the  well-stirred 
plug  flow  model  of  the  IFRF  £5,  93*  For  flame  29  a  second  calculation  was  performed 
with  the  model  described  by  the  equations  (3-7)  £lOJ. 

As  shown  on  fig.  6  the  predictions  obtained  from  the  well-stirred  plug  flow  model  are 
excellent  for  flame  D.2.2.  The  calculation  was  carried  out  with  assumptions  similar 
to  those  made  for  model  type  I  and  following  special  input  data: 

-  burn-out  completed  within  first  section; 

-  first  two  sections  well-stirred,  all  following  sections  plug  flow; 

-  convective  heat  transfer  coefficients  as^ measured  in  the  furnace  P38 J. 
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Fig,  6  :  Measured  and  predicted  heat  flow  distributions  to  the  water-cooled 

furnace  walls  of  the  Delft  furnace  (flame  D.2.2,  [^38]) 


Using  the  same  approach  for  the  calculation  of  the  heat  flow  distribution  from  flame 
29  resulted  in  a  complete  misprediction,  In  comparison  to  the  measurements  the  local 
heat  flow  predictions  were  up  to  100%  too  high  and  at  the  rear  of  the  furnace  50%  too 
low  (fig. 7).  The  misprediction  has  mainly  to  be  attributed  to  the  wrong  assumption  of 
the  flow  pattern.  For  furnace  configurations  which  result  in  similar  flow  pattern  as 
flame  29  (most  reverberatory  furnaces)  the  recirculation  has  to  be  taken  account  of. 
With  the  "recirculation"  model  £l03  a  second  calculation  has  been  performed  using 
following  inputs: 

-  chemical  heat  release  as  determined  by  equation  (7)  from  the  visible  flame  length; 

-  information  on  flow  pattern  (fig. 3)  obtained  from  an  isothermal  physical  model; 

-  convective  heat  transfer  coefficients  obtained  from  isothermal  model. 

As  can  be  seen  from  fig.  7,  curve  b,  the  prediction  with  the  "recirculation"  model 
is  reasonable.  This  proves  that  with  only  a  rough  incorporation  (pseudo  2D  descrip¬ 
tion)  of  the  real  flow  pattern  the  applicability  of  one-dimensional  models  can  be 
extended  to  situations  with  two-dimensional  flow  fields.  This  type  of  model  is  thus 
well-suited  to  long  furnaces  and  strongly  unidirectional  processes  e.g.  rotary  kilns, 
glass  smelters,  refinery  process  heaters  and  steel  reheating  furnaces, 

Absolute  predictions  are  generally  accurate  enough  to  help  rn  the  design  or  modifica¬ 
tion  of  an  industrial  furnace  (heat  sink  geometry,  position  and  distribution  of  heat 
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along  the  process  length) .  The  exercise  of  selecting  adequate  submodels  viz.  for  flame 
radiation  of  heat  release,  requires  however  a  good  knowledge  and  experience  of  the 
application  of  interest. 

Moreover,  in  most  test  rigs  for  liquid  or  solid  fuel  characterization,  which  are  often 
designed  to  be  mono-dimensional,  such  a  heat  transfer  model  can  be  linked  with  a  simi¬ 
lar  kinetic  model  and  become  an  efficient  tool  for  research. 


Fig.  7  :  Measured  and  predicted  heat  flow  distribution  from  flame  29  [343. 
a  -  measured 

b  -  predicted  with  "recirculation"  model  [lOl 
c  -  predicted  with  well-stirred  plug  flow  model  ([9] 


3.3  Model  type  III 

In  respect  to  the  calculation  of  flow  and  gas  concentration  fields  multi-dimensional 
models  (type  Illb)  are  still  in  the  development  stage.  For  this  reason  their  applica¬ 
tion  is  usually  limited  as  yet  to  symmetrical  (2-D)  systems.  In  [43  a  first  applica¬ 
tion  of  a  combination  of  the  type  Ilia  and  type  Illb  models  has  been  reported  upon. 
Because  of  its  well-defined  flow  pattern  flame  29  £343  had  been  chosen  for  this  test 
too. 

Discrepancies  found  between  the  measured  and  predicted  flow  pattern  had  been  attri¬ 
buted  to  the  oversimplifying  ad  hoc  turbulence  model  used.  This  turbulence  model  has 
now  been  replaced  by  the  better  suited  kW  model  [29,  303«  The  .former  calculations 
have  now  been  repeated  with  the  following  assumptions: 

-  the  rectangular  furnace  Nr.  1  has  been  approximated  by  an  equivalent  cylinder; 

-  chemical  heat  release  is  determined  by  mixed  =  burnt; 

-  gray  gas  radiation  with  K  =  0.15  m_l; 

-  two  flux  radiation  model  [l33; 

-  convective  heat  transfer  coefficient  as  measured  in  isothermal  model  (same  as 
chapter  3.2) . 

On  fig.  8  the  calculated,  flow  pattern  is  plotted-  against  the  measured  stream  lines. 

A  comparison  with-  the  earlier  results  [4_l  shows  a  considerable  improvement  of  the 
predictions,  and  the  excellent  agreement""in  the  area  of  forward  flow  is  especially 
impressive.  Also  the  predicted  isotherms  plotted  together  with  the  measured  values 
on  fig.  9  show  reasonable  agreement.  Discrepancies  neat  the  jet  boundaries  can  be  a 
result  of  the  unmixedness  which  has  not  been  taken  into  account  in  the  calculation 
procedure. 

Similar  to  [4]  the  heat  flow  distributions  have  been  calculated  with  the  Zone  Method 
(model  type  Ilia) ;  the  calculated  flow-  and  heat  release  pattern  (output  model  type 
Ili’b)  have  been  used  as  input. information  (fig.l)  required  for  model  type  Ilia.  In 
spite  of  the  differences  between  measured  and  predicted  local  heat  flow  in  the  rear 
part  of  the  furnace  the  heat  flow  distribution  obtained  is  satisfactory,  especially 
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if  one  considers  fch'at  these  results  have  been  obtained  from  general  input  data  only 
(fig.  10) . 

As  expected,  due  to  the  unchanged  boundary  conditions,  there  is  an  obvious  similarity 
between  the  heat  flux  distributions  at  nominal  thermal  input  (flame  29)  and  at  half 
load  (flame  35). 

Validation ' of  type  Illb  models  is  thus  achieved  in  simple  furnace-burner  systems. 
Nevertheless  many  problems  remain  unsolved  for  their  general  application  to  large  and 
complex  industrial  furnaces.  The  modelling  of  the  detailed  interaction  of  some  pnysi- 
cal  phenomena  which  is  the  hey  to  many  of  these  problems  is  still  in  the  development 
stage,  where  practical  experiments  on  a  pilot  scale  are  required  £41,  42j. 

Full  scale  experiments  and  comparisons  are  also  shown  to  be  realistic  £43,  44J  and 
would  justify  the  expense  of  further  developments  of  these  models.  Possible  future 
applications  of  such  procedures  would  finally  be  most  suitable  for  general  industrial 
needs,  in  view  of  material  and  space  saving  for  furnace  construction,  adaptation  of 
the  burners  to  the  process,  antipollution  control  techniques  etc. 
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Fig.  8  i  Comparison  between  predicted  and  measured  flow  pattern 
(flame  29,  M2  trials  £343*  The  dotted  lines  are  extra¬ 
polated  from  measurements,  ($  «  f(r,z)) 
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Fig.  ?  s  Cocparis.pn  between  predicted  and  measured  isotherms 
(flame  29,  M2  trials  f34j.  '  (t  «=  f  (r,z)  in  °C) 
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Fig.  10  :  Comparison  between  predicted  and  measured  axial  heat  flux  distribution 

(model  type  ilia  with  inputs  from  model  type  Illb) 

flame  29  [34]  flame  35  [34] 

a  measured  c  measured 

b  predicted  d  predicted 

CONCLUSIONS 

As  a  synthesis  of  the  present  review  fig*  11  shows  a  general  classification  in  terms 
of  objectives,  dimensionality  for  the  various  mathematical  models  of  furnace  perfor¬ 
mance.  A  differentiation  of  important  input  variables  between  those  specific  to,  che 
furnace  (and  pro'cess) ,  the  fuel/air  characteristics  and  the  burners,  is  also  given. 
This  permits  the  possible  application  range  of  these  models,  together  with  their 
limitations,  to  be  identified. 


OBJECTIVES  OF  THE 
PREDICTION 


OVERALL  FURNACE 
DESIGN  AND 
PERFORMANCE 


DETAILED  FURNACE 
DESIGN  S  SIMPLE  PRO 
CESS  MODIFICATIONS 


OPTIMIZATION  Or 
COMPLETE  PROCESS 
DESIGN 


FURNACE  VARIABLES 


I  DIMENSIONS 
HEAT  INPUT 
PRODUCTION 


HEAT  SINK  GEOMETRY 


LOCAL  INTERACTIONS 
OF  VARIABLES 


EQUIVALENT  DIAMETER  < 
MOMENTUM  FLOWS  ETC, 


Type  I-  models 


Very  flexible,  inexpensive 

20%  accurate  for  preliminary 
design 

<10%  accurate  with  only  some 
experience  especially  relative 
to  a  known  situation 


Type  II  models 


nly  for  long  furnaces  or  uni¬ 
directional  processes 

Gpod  experience  .required  for  the. 
choice  of  submodels  (e.g.  flame 
radiation,  heat  release) 


Type  III  models 


Still  at  development  stage  (vali¬ 
dation).  Pilot  and  full  scale  exp¬ 
eriments  encouraging.  Need  more 
recise  turbulence  models.  Would 
e  most  adapated  to  industrial  re¬ 
quirements:  saving  of  material, 
design,  selection  of  burners, 
pollution  control  techniques  etc. 


Overall  classification  of  mathematical  models  of  furnace  performance 
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NUMERICAL  ANALYSIS  AND  EXPERIMENTAL  DATA  IN  A  CONTINUOUS  FLOW  COMBUSTION 
CHAMBER:  A  COMPARISON. 

F.  GAMMA,  C.  CASCI,  A.  COGBE,  and  U.  GHEZ2I 

Politecnico  di  Milano,  Italy 

1)  INTRODUCTION. 

In  recent  years  a  large  increase  ir.  numerical  modelling  of  real  combustion  phenomena 
has  been  observed. 

These  tecniques,  if  rolyable  and  correctly  developed,  should  be  able  to  avoid  a  large 
part  of  the  experimental  work  necessary  to  develop  a  new  combustor  giving  informations 
otherwise  obtainable  only  by  means  of  troublesome  experiments. 

In  fact  it  is  necessary  to  observe  chat  by  means  of  the  classical  methods  very  relyable 
and  high  efficiency  combustors  have  been  obtained,  and  what  it  is  to  be  expected  from 
numerical  modelling  is  not  a  quality  jump  in  combustor  performances,  but  rather  an 
easier  and  less  expensive  design. 

Non  linear  partial  differential  equations  must  be  solved  in  numerical  modelling;  this 
leads  to  numerical  problems  f.e.  of  convergence  and  stability,  to  difficulties  connected 
with  computer  storage  capacity  etc.. 

All  this  problems  can  be  overcomed  also  if  there  is  large  room  to  improvement. 

Other  kind  of  difficulties  are  connected  with  physical  structure  of  the  phenomenon,  and 
they  can  be  of  more  troublesome  solution. 

We  refer  to  the  necessity  of  introducing  physical  models  to  represents  some  aspects  of 
the  problem,  with  particular  regard  to  turbulence  and  chemical  kinetics. 

Not  always  such  phenomena  are  physically  well  understood  and  then  the  model  must  cover 
some  ignorance. 

Concerning  turbulence,  the  existing  models  are  in  general  well  experienced,  and  can  be 
used  with  confidence  in  many  cases. 

Chemical  kinetics  can  be  introduced  in  the  model  by  means  of  suitable  hypothesis,  as 
f.e.  istantaneous  reaction  between  fuel  and  oxidant  or  a  global  reaction  rate  mechanism. 

Of  course  also  more  complicated  schemes  can  be  used;  in  many  cases,  however,  simple 
hypothesis  are  suitable  at  least  from  an  engineering  point  of  view. 

Also  radiating  heat  transfer  (flame  radiation),  very  important  in  large  combustors,  must 
be  modelled,  and  rather  good  results  have  been  obtained  in  this  field. 

A  lot  of  progress  has  been  done  in  recent  years,  and  now  tridimensional  problems, 
combustion  of  spray  and  pulverised  coal  can  be  analyzed  by  means  of  numerical  modeling. 

At  this  point,  however,  if  numerical  tecniques  must  be  improved,  a  large  amount  of 
comparison  with  experimental  results  must  be  performed. 

Relyable  experimental  results  are  not  alwjys  easy  to  be  obtained  in  real  furnaces  but 
they  represent  a  fundamental  stage  in  prediction  tecniques  improvement. 

In  the  present  paper  numerical  results  obtained  by  finite  difference  solution  of  the 
equations  controlling  combustion  in  an  experimental  furnace  using  methane  as  fuel  have 
been  compared  with  experimental  results. 

Velocity  and  temperature  have  been  measured  inside  the  combustor. 

2)  EXPERIMENTAL. SET: UP.  AND  MEASUREMENTS. 

The  experimental  combustor  is  essentially  a  cylinder  of  inner  diameter  of  200  mm  and 
having  a  test  lenght  of  1,000  mm. 

A  scheme  of  the  experimental  set  up  is  shown  in  fig. 1  ;  the  fuel  nozzle  is  placed 

axially  in  the  injection  head,  while  the  oxidizer  is  feeded  by  means  of  two  different 
lines . 

The  primary  air  is  flowing  through  a  tube  surrounding  the  fuel  nozzle,  while  the  diluition 
air  is  entering  at  the  periphery  of  the  injection  head. 

Swirl  vanes  at  =6  0°  are  located  in  correspondence  of  primary  and  diluition  air  ports. 


Details  of  ir-jection  head  are  shown  in  tig.  2 

Fuel  and  oxidizer  flow  are  controlled' by  means  of  flowmeters  and  valves  (fig.  1  ). 

Optical  windows  are  placed  along  the  combustion  chamber  lenght  to  allow  optical 
measurements  (L.  D.  V.,  line  reversal,  etc.);  thermocouple  probes  can  also  be  inserted 
through  the  holes  shown  in  fig.  3 
Combustion  chamber  is  instainless  steel. 

The  experimental  conditions  are  reported  r.;i  table  I. 


TAELE  X 


METEANE 

FLOW  RATE  licg/s) 


0.3  x  10 


0.3  x  10 


0.24  x  10 


PRIMARY  AIR 
FLOW  RATE  (kg/s) 


8.13  x  10 


9.38  x  10 


8.13  x  10 


DILUITION  AIR 
FLOW  RATE  (kg/s) 


4.25  x  10 


4.25  x  10 


7.50  x  10 


EXPERIMENTAL  CONDITIONS 

Velocity  and  temperature  measurements  have  been  performed  in  the  points  shown  in  fig. if  ; 

L.  D.  V.  was  used  for  velocity  measurements  and  thermocouples  for  temperature  field 
analysis. 

Some  details  concerning  velocity  and  temperature  measurements  are  given  in  what  follows. 

-  L.  D.  V.  measurements. 

The  laser  Doppler  Velocimetry  (L.D.V.)  was  chosen  to  measure  the  velocity  profiles 
because  the  usual  intrusive  measuring  techniques  are  of  little  help  in  a  high  tempera- 
ture  reactive  medium  with  large  thermal  gradients. 

Despite  the  complexity  of  a  theoretical  model  of  the  L.D.V.  system,  the  output  from  this 
instrument  (Doppler  frequency)  is  linearly  related  to  the  velocity  of  tracer  particles 
seeded  in  the  gas  flow  and  no  problem  is  concerned  with  calibration. 

The  major  advantage  of  the  L.D.V.  is  the  Jtlgh  spatial  and  temporal  resolution  associated 
with  its  directional  sensitivity. 

The  most  important  theoretical  and  experimental  problems  related  to  L.D.V.  have  been 
reported  in  Ref  s .  . 

It  is  ncjfwell  established  that  the  differential  L.D.V.  made  of  operation,  in  conjunction 
with  a  burst  counter  processor,  is  .the  best  suited  for  measurements  in  gases  because  of 
its  higher  signal  to  noise  characteristics  at  moderate  concentrations  of  tracer  particles. 
The  main  advantage  of  the  differential  L.D.V.  is  that  it  is  quite  simple  to  align  and  is 
not  sensitive  to  small  vibrations. 

Also,  the  Doppler  frequency  is  independent  of  the  detection  angle  and  forward  or  back- 
scatter  systems  can  be  employed. 

The  optical  set-up  is  illustrated  in  fig.  5  :  the  two  laser  beams,  coming  from  the  same 
source  and  a  beam-splitter  unit,  are  focused  in  the  cross-volume. 

The  scattered  waven  produced  by  tracer  particles  are  heterodyned  on  the  photomultiplier 
surface  and  give  rise  to  a  photocurrent  modulated  at  the  Doppler  frequency: 

£-2Vsi»(f 3/aJ/A 

where  V  is  the  particle  velocity  component  perpendicular  to  the  bisector  of  :he  incident 
cross-beams,  Ji  i3  the  cross  angle  and  A  is  the  wavelenght  of  the  laser  bean. 

The  transmitting  optics  was  based  on-  a  DISA  Optics  (mod. 55  X) including  the  frequency 
shift  option  that  allows  to  resolve  the  directional  ambiguity  of  the  velocity  vector. 
Forward  and  back  scatter  geometries  can  be  selected. 

An  Argon-Ion  laser  (Spectra  Physics  mod.  166  )  was  used  at  a  nominal  power  of  about 

200  mw,  and  A  =  488  nm  and  an  interferential  optical  filter,  centered  at  the  same 
wavelenght,  was  introduced  in  the  receiving  optics  in  order  to  reduce  the  background 
flame  radiation.. 

Tile  photomultiplier  signal  was  processed  by  a  bust  counter  processor  (DISA  mod.  55  L90) 
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that  allows  working  with  moderate  particle  concentrations  and  does  not  have  dropout 
problems . 

The  experimental  conditions  are  summarized  in  tab.  II. 

Since  the  LDV  requires  the  presence  of  microscopic  particles  in  the  air  flow,  this 
complicates  the  use  of  the  techniques  considerably. 

In  fact,  the  particles  seeded  in  the  flow  should  be  small  in  size  in  order  to  follow 
the  gas  flow  accurately. 

Such  capability  can  be  ranghly  estimated  from  the  Bassett's  general  equation  (Pets. 

(9)  (10)  ) . 

In  unsteady  flows  the  LDV  instruments  must  be  treated  as  a  trasducer  for  whi'ch  the 
transfer  function  is  determined  by  the  dynamics  of  tracer  particles. 

LDV  experiments  were  performed  by  using  alumina  particles  in  the  micron  range  carried 
by  a  secondary  air  flow. 

Some  check  of  particle  meat,  size  was  mada  experimentally  by  using  the  visibility 
parameter  (Ref s . (9) (II4)  )  and  theoretical  evaluations  shown  that  particle  were  small 

enough  to  give  correct  mean  velocity  Informations. 

-Temperature  mi-.asuremehts . 

The  measure  of  the  gas  temperature  was  performed  by  using  nmall  thermocouples  inserted 
in  the  combustion  chamber  at  same  fixed  axial  positions. 

Wires  of  Pfc~  Pfc/Ro  10%  were  preferred  for  this  application  with  a  spherical  hot 
junction. 5  mra  in  diameter,  that  was  small  enough  because  we  were  only  interested  in  mean 
values  of  the  gas  temperature. 

Some  corrections  for  radiation  and  conduction  heat  losses  wore  applied  i.i  the  rottest 
regions  of  the  flame. 

Such  corrections  wore  determined  by  comparison  with  results  obtained  by  optlr.il  methods 
(sodium  D-line  reversal)  in  a  laboratory  methane- air  flame. 


3)  THEORETICAL  ANALYSIS. 


From  the  geometrical  configuration  of  the  combustion  chamber  it  appears  that  a  bidimen' 
sional  analysis  must  be  performed)  cylindrical  polar  coordinates  are  the  trost  suitable 
in  this  case  (fig.  G  ). 

Bidimensionality  depends  on  the  fact  that  diluition  air  is  injcted  along  all  the 
periphery  of  the  injection  head  and  no  circumferential  dissimmetry  is  introduced. 

In  this  case  the  governing  equations  can  be  expressed  in  terms  of  velocity  components 
(U  and  V)  and  pressure  (P)  or  in  terms  of  stream  function  (nf'  )  and  vorticity  (tO  )  . 

Then  second  formulation  is  here  employed  also  because  in  this  way  it  is  possible  to 
calcel  the  pressure  from  the  equations. 

Both  procedures  are  rather  classical;  anyway  the  equations  ir.  terms  of  velocities  and 
pressure  and  in  terms  o i'j'  and  (0  are  reported  in  the  appendixj also  if  the  problem  is 
bidimensional ,  an  equation  for  the  swirl  velocity  W  is  introduced*  In  this  equation 
the  product  r.W  is  used  as  an  unknown,  being  r  the  distance  from  the  combustor  axis. 

-  Turbulence . 

The  equations  are  time  averaged  and  then  a  turbulence  model  must  be  introduced. 

A  l<-£  model  has  been  employed  (k  =  kinetic  energy  of  turbulence,  £  »  dissipation  rate 
of  k) ,  and  the  turbulent  viscosity JX ^  is  given  by: 

being  j5  the  fluid  density  andC^a  suitable  coefficient  (see  appendix)  . 

The  effective  viscosity/*^  is  given  by: 

yw-effs/^t+/u 

where^U  is  the  fluid  viscosity.  ' 


- Combustion . 

Fuel  and  oxidizer  are  separately  injected  in  the  combustor  and  then,  a  diffusion  flame 
is'  obtained. 

Two  different  combustion  models  have  been  adopted: 

a)  Istantaneous  reaction  rfite  with  combustion  controlled  by  diffusion 


b)  global  reaction  rate  assumed. 


a)  Xstantaneous  reaction  rate. 

Fuel  and  oxidizer  can  not  exist  together  at  the  same  point  (and  at  the  same  time) . 
A  concentration  variable  is  introduced,  defined  as: 


where. is  the  mass  fraction  of  the  fuel,  Wiethe  mass  fraction  of  the  oxidizer  and 
the  stoichiometric  oxidizer-fuel  ratio  (in  mass). 

Turbulent  fluctuations  are  taken  In  to  account  by  means  of  the  time  mean  square  of  the 
concentration  fluctuations  - 

A  distribution  function  can  be  defined  starting  f:  c.m  ^;,and  andw^to  be  effectively 
adopted,  calculated. 

The  shape  of  the  distribution  function  to  be  adopted  is  rather  arbitrary:  here  a  Gaussian 
clipped  distribution  function  has  been  used  (sea  appendix), 
b)  Global  kinetics. 

In  this  case  an  effec' ive  volumetric  reaction  rate  (for  the  fuel)  given  by: 

*  -  A  **1^  56  <  1 

>1 

where  c6  is  the  equivalence,  ratio  and  A  a  constant  IA  *  1  )  has  been  used. 

This  is  a  semplified  version  of  the  reaction  rate  equation  proposed  in  (8). 

It  is  also  assumed  that 


-  Temperature  determination. 

Temperature  (T)  is  deduced  from  the  total  hentalpy  given  by: 

where  is  the  caloric  value  of  the  fuel,C|»is  the  specific  heat  of  the  fluid  and  K. 
i*c  mean  kinetic  energy. 

-  Heat  exchange. 

Due  to  the  size  of  the  combustor  and  to  the  type  of  fuel  radiation  has  been  neglected. 
Heat  exchar.geat  the  walls  has  been  calculated  by  means  of  Reynolds  analogy. 

-Walls . 

Wall  functions  have  been  adopted  in  order  to  avoid  the  numerical  analysis  of  the 
logarithmic  layer. 

The  following  expression  of  general  use  have  been  employed  (fig. 7  ): 

•*«•(£  y+) 

2k. .  0 

1/4  c  * 

f/c 

r=y(t/k)% 

with  X  end  E  constants  (X  “  <4,  E  «  9)  and  f  the  shear  stress  at  the  wall. 


Table  II:  parameters  of  the  L  D  V  system 


Laser  power 

200  mW 

baser  wavelength 

488  hm 

Beam  cross  angle 

5° 

Fringe  spacing 

5 . 6 ^m 

Probe  volume  dimension 

X-0.143  mm 

Y“3.28  mm 

Z-0.143  mm 

Fringe  number 

n«2*;- 

19-5 


4)  RESULTS. 

Measurements  have  been  carried  out  in  correspondence  of  sec.  2(  ^  of  fig.l^.  ;  three 

conditions  X,  IX,  III  have  been  tested  during  experiments. 

Mean  values  of  temperature,  axial  velocity  and  swirl  velocity  were  measured. 

-  Temperature. 

Measured  and  computed  temperature  distribution  are  reported  in  f  igg.8c-22.. 

In  correspondence  of  sec.2(3(tf  the  accord  between  measured  and  calculated  results  can 
be  considered  enough  good. 

\ 

Near  the  injection  Lead  (sec.  1  )  experimental  and  computed  results  are  rather  different, 

also  if,  in  some  cases,  a  sort  of  common  trend  can  be  recognized  at  least  for  model  b 
in  testsl  and  II,  and  for  model  a  in  test  III. 

As  a  general  behaviour  computed  temperature  are  higher  than  the  calculated  ones. 

It  can  be  considered  that  in  the  injection  region  (near  sec.  1  )  model  b  works  a  little 

setter  than  model  a. 

This  seems  to  mean  that  istantaneous  reaction  rate  hypothesis  is  not  particuiary  suitable 
to  be  employed  in  this  zone  probably  because  of  the  rather  high  mixing  rate,  leading 
to  a  competition  between  chemical  kinetics  4nd  f luldodynamics . 

on  the  other  hand  also  the  global  kinetics  here  used  does  not  seem  to  be  satisfactory 
in  this  zone. 

It  could  be  deduced  that  in  this  region  the  "real"  kinetics  plays  an  important  role  also 
from  the  point  of  view  of  mean  values  calculations 

Probably  near  the  injection  heat  a  global  kinetics  can  hardly  be  fitted  to  represent  the 
real  kinetics. 

Down  stream  the  Injection  zone  the  introduced  models  appear  to  be  substantially  more 
relyable. 

-  Axial  velocity  A|~i.9.23-r  2.9)  .  ‘ 

As  in  the  case  of  temperature,  the  largest  discrepancies  between  measured  and  calculated 
results  are  in  correspondence  of  injection  region. 

In  particular  the  width  of  the  recirculation  zone  is  under  extimate  in  both  models. 

Down  stream  the  Injection  they  seem  to  work  rather  well  with  respect  to  axial  velocity. 

In  tests  I  and  II  the  global  kinetics  model  appears  to  offer  a  better  performance  near 
sec.1  ;  at  the  same  section  both  model  can  be  considered  practically  equivalent  in 
test  Ili. 

-  swirl  velocity  (fig. 3CH33). 

The  treKd  is  the  same  as  in  the  case  of  axial  velocity;  the  Injection  region  is  the  most 
critical  in  the  comparison. 

On  the  whole,  the  accord  between  experiments  and  theoretical  values  can  be  considered 
as  satisfactory  enough. 

5}  CONCLUSIONS. 

What  precedes  shows  that  in  general  the  agreement  between  theory  and  experiments  can  be 
considered  as  acceptable,  also  if  near  the  injection  region  the  discrepancies  are  not 
neglegible. 

If  however  from  an  engineering  point  of  view  the  results  could  be  satisfactory,  they  do 
not  appear  to  be  adequate,  if  a  more  sophysticated  analysis  of  the  phenomenon  must  be 
performed. 

In  particular  near  sec.  1  (injection  region)  the  differenci.es  between  measured  and 
computed  temperatures  are  large  enough  to  influence  considerably  the  reaction  rate,  if 
it  is  made  dependent  on  temperature. 

Then  if  elementary  reactions  must  be  introduced,  rather  large  errors  ca  arise;  f.  e.  a 
pollutants  generation  analysis  can  hardy  be  carried  out. 

The  performances  of  both  models  are  rather  similar,  expecially  down  stream  the  injection 
region. 

Also  if  the  global  kinetics  model  seems  to  lead  to  better  results  near  the  injection 
head,  it  is  net  able  to  improve  substantially  the  results  with  respect  to  the  istantaneous 


reaction  rate  hypothesis. 

Probably  the  rather  strong  mixing,  also  increased  by  the  peripheral  swirl,  is  responsible 
for  this  kind  of  behaviour. 

It  seems  that  in  this  zone  the  introduction  of  a  more  sophisticated  and  realistic  kinetic 
model  is  a  fundamental  stage  to  improve  the  agreement  between  theory  and  experiments. 
Concerning  turbulence  models,  a  k  -£  formulation  has  been  here  employed;  this  model  is 
at  the  same  time  rather  well  experienced  and  not  particulary  trouble  some  to  be  used. 

It  has  not  been  analyzed  here  if  other  and  more  complex  models  could  be  more  suitable, 
also  if  the  peripherical  centrifugal  field  (due  to  diluition  air  swirl)  can  increase  the 
complexity  of  the  turbulent  field  and  require  a  more  sophisticated  analysis. 

Thermal  exchange  has  been  treated  in  a  rather  simple  way;  on  the  other  hand  the  rate  oi 
the  heat  exchange  trough  the  walls  is  less  than  10%  of  the  rate  of  heat  generation  ir.  the 
furnace  and  then  not  able  to  introduce  substantial  changes  in  the  results. 

Classical  time  averaging  has  been  adopted  here,  and  other  types  of  averaging  (f.  e.Favre 
averaging)  have  not  been  tested,  also  if  they  are  able  to  give  good  results  in  many  cases. 
From  a  numerical  point  of  view,  the  greatest  difficulties  have  been  encounteredwith  the 
equations  having  rather  complicated  source  terms  (k,£/ ^  equations). 

They  have  been  overcomed  by  means  of  under  relaxation  and  of  a  some  kind  of  linearization. 
The  computer  time  for  the  calculation  was  about  5  minuts  with  an  \Aiivac110Cyfe)computer 
with  a  :,«>n  uniform  21x21  grid. 
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-OBSERVATION 

In  many  cases  the  results  of  test  II  are  very  similar  to  results  of  test  I,  and  are 
not  reported  here. 


APPENDIX 


STANDARD  EQUATIONS 

-  Standard  equation  in  the  model  us.'ng  velocities  and  pressure  (^  =  unknown  ): 


where : 

u  =  velocity  along,  x  axis 
v  «  velocity  along  r  (radial  velocity) 
v?  =  swirl  velocity 
S— source  term 

ff  =  exchange  coefficient  for 'f  . 

In  the  istantaneous  reaction  rate  model  (model  a)  the  unknown  variables  ("f)  are: 

1  (continuity  equation) ,u,v, rwfswirl  equation) ,ht,k,£,f,g. 

In  the  model  assuming  a  global  kinetics  (model  b)  the  unknown  variables  if)  are: 

1 <u,v,rw/mfu,ma,ht<k,fc. 

In  table  A  art'  reported  the  expressions  of  [y>  ,Sj»  employed  and  the  values  of  the  constant 
introduced. 

-  Standard  equation  in  the  model  using  vorticity  (w)  and  stream  function  iy)  . 
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In  the  model  a  (istantaneous  reaction  rate)  the  unknown  aro:  u) /r  ,-f,  rv»  ,ht ,  f  ,  g  ,k ,  . 
mthe  model  b  (global  kinevlcs)  the  unknown  are :  lO /r rf, rw,ht ,mf u ,ma , k ,  . 

The  values  of  a  ,b  ,c  and  S  are  specified  in  table  B. 
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-  Gaussian  clipped  distribution  function. 

The  Gaussian  clipped  p.d.f.  has  the  shape  shown  in  FIG. a;  it  can  be  quantitatively 
defined  f.e.  by  means  of  the  method  reported  in  ($  )  starting  from  the  calculated 
values  of  f  and  g.  k 
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B. S.  -  Beam  splitter  and  fequency  shifter 
r.G.  -  Frequency generator  for  the  Bragg- Cell 

C. C.  -  Cosbustion  chamber 
P.K.  -  Photomultiplier 
P.S.  -  Power  supply 
P.A.  -  Preamplifier 
P.B.F.  -  pass-band  filter 
C.P.  -  Counter  Processor 
T.  -  Thermocouple 
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DISCUSSION 


C.H.Priddin,  UK 

Do  you  have  any  plans  to  measure  turbulence  quantities  in  your  experiments?  It  would  be  especially  interesting 
to  have  Reynolds  Stress  measurements  as  this  would  enable  to  separate  influences  of  the  turbulence  model  and 
numerical  method. 

Author’s  Reply 

We  have  plans  to  measure  turbulence  but  these  measurements  were  not  performed  here  in  an  organized  form. 

I  agree  that  Reynolds  stresses  could  be  able  to  give  more  information  concerning  source  of  errors. 


J.H.Whitelaw,  UK 

(1)  Can  you  explain  these  low  values  of  the  maximum  temperature  and  also  comment  on  the  accuracy  of  the 
temperature  measurements. 

(2)  The  discrepancies  between  calculated  and  measured  results  are,  as  expected,  greatest  at  station  1 .  Would  you 
please  comment  on  the  uncertainty  in'  the  assigned  wall  boundary  condition  for  temperature  along  the  end 
plate  and  on  its  influence.  Also,  numerical  errors  are  likely  to  be  greatest  in  this  upstream  region  and  I  would 
appreciate  your  estimate  of  their  possible  magnitude. 

Author’s  Reply 

(1)  In  our  opinion  low  values  of  temperature  are  due  to  the  peripheral  swirl  leading  to  a  strong  mixing  of  dilution 

in  the  reaction  region  with  a  high  air-fuel  ratio.  Errors  with  thermocouples  are  not  more  than  40  or  60°C 
following  our  calibration  and  not  able  to  explain  the  low  temperature  level. 

(2)  Concerning  wall  boundary  conditions  for  temperature,  I  agree  they  can  influence  rather  strongly  the  results  in 
sec.  1 .  A  constant  temperature  was  assigned  along  the  end  plate  and  walls  and  refining  this  condition,  can 
improve  the  solution. 

Concerning  numerical  errors  in  the  upstream  region,  stability  was  observed  to  be  more  troublesome  here.  At 
the  end  of  calculations  the  relative  errors  here  are  of  the  same  order  of  magnitude  as  the  errors  in  downstream 
region. 

Probably  numerical  errors  upstream  are  larger  than  in  other  regions  but  it  is  rather  difficult  to  estimate  them 
precisely. 
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MODELISATION  DES  FOURS  ALIttENTES  A  l'aIR  ENRICHI  EN  OXYGENE 


R.  GUENOT,  A.  IVERNEL 
L'AIR  LIQUIDE  C.R.C.D. 

JOUY-EN-JOSAS,  France 

F.C.  LOCKWOOD,  A.P.  SALOOJA 

IMPERIAL  COLLEGE  OF  SCIENCE  AND  TECHNOLOGY 

LONDON  SW7,  England 


La  modelisation  numerique  des  chambres  de  combustion  utilisant  des  bruleurs  aliment6s 
a  1'air  fortement  enrichi  en  oxyggne,  presente  des  difficultes  parti culigres  liees 
d'une  part  aux  dissociations  thermiques  se  produisant  a  haute  temperature,  et  d'autre 
part  au  role  accru  des  echanges  par  rayonnement. 

Le  present  article  montre  comment  on  peut  adapter  les  programmes  de  calculs  existant, 
afin  de  tenir  compte  de  ces  phenomgnes. 

Le  modSle  utilise  est  en  cours  de  verification  au  moyen  de  mesures  effectu§es  sur  un 
four  experimental  de  300  kW,  congu  pour  fonctionner  avec  des  bruleurs  3  haute  intensite 
alimentgs  par  du  gaz  nature!  et  de  1'air  fortement  suroxygeng,  ou  meme  de  1 'oxyggne  pur. 

Les  premiers  rgsultats  experimentaux  sont  en  bon  accord  avec  les  provisions  du  modgle. 


i.  /  Introduction  / 

I.l.  OB JET  OE  L' ETUDE 


Pour  certaines  applications,  V  Industrie  utilise  ue  plus  en  plus  frgquemment  des  bruleurs  alimentgs 
en  air  suroxygOne  ou  meme  en  oxyggne  pur,  impliquant  une  dissociation  appreciable  des  produits  de 
combustion. 

Les  programmes  de  simulation  des  chambres  de  combustion  qui  ont  ete  employes  avec  succ&s  (1)(2) 
pour  les  bruleurs  classiques,  ne  donnent  pas  satisfaction  pour  les  bruleurs  3  air  fortement  enrichi  en 
oxyggne. 


Le  present  article  expose  les  premiers  rgsultats  o'une  etude  destine  3  etendre  ces  programmes  au 
cas  d'un  comburant,  dont  la  richesse  en  oxyggne  peut  atteindre  100  %. 

Dans  les  flammes  3  haute  temperature  resultant  de  la  suroxygenation  du  comburant,  les  dissociations 
thermiques  des  produits  de  combustion  jouent  un  role  capital.  Elies  absorbent  en  effet  une  partie  importante 
de  la  chaleur  normalement  dggagge  par  la  combustion,  et  diminuent  ainsi  la  temperature  des  flammes. 

Cette  chaleur,  stockde  sous  forme  chimique,  est  d'ailleurs  rgcupdrable  par  recombinaison  au  niveau 
des  surfaces  de  pieces  ou  des  parois  de  fours,  de  sorte  que  c'est  finalement  l'enthalpie,  et  non  la  tempera¬ 
ture,  qui  intervient  dans  les  equations  de  transfert  thermique  par  convection  et  diffusion. 

Par  contre,  si  Ton  veut  incorporer  dans  le  modeie  les  echanges  par  rayonnement,  il  est  necessaire, 
en  cpurs  de  calcul,  de  tenir  compte  de  la  temperature  et  -  3  un  degre  moindre  -  des  fractions  massiques  des 
espgces  ex'stant  3  1‘gquilibre. 

bans  la  prgsente  communication  seront  exposes  successivement  :  les  modgles  mathematiques  recents, 
utilises  3  1' Imperial  College,  pour  la  simulation  des  chambres  de  combustion,  les  modifications  apport6es 
pour  tenir  co.npte  des  dissociations,  les  mgthodes  experimental es  mises  en  oeuvre  et  les  premiers  essais 
de  confrontation  entre  les  rgsultats  de  calculs  et  les  rgsultats  experimentaux. 

1.2.  POSITION  DU  PROBLEME 

La  preuve  est  maintenant  faite  (voir  par  exemple  (lj  et  (2)  que  le  fOhCtionnement  des  chambres 
de  combustion  aiimentees  au  gaz  et  3  1'air  peut  etre  prgvu  avec  un  degre  d'exactitude  largement  acceptable 
du  point  de  vue  des  applications,  du  moins  pour  les  bruleurs  n'utilisant  pas  ou  peu  1'effet  de  "swirl". 

Quoi  qu 1  i.l  en  soit,.  le  problgme  traite  dans  le  present,  article  a  6te  jusqu'ici  peu  etudie.  II  concerne  la 
prevision  des  chambres  de  combustion  aiimentees  au  gaz.  et  3  1'air  enr^eni  en  oxyggr.e,  ou  meme  3  1 'oxyggne 
pur.  Ces  recherches  impliquent  des  prohlgmes  complementaires  de  modeltsation  plutbt  d'ordre  chimique 
qu'hydrodynamique. 

Etant  donngqu'oi,  peut  supposer  avec  realisme  que,  oi>ur  la  pi  opart  des  fours,  le  taux  de  reaction 
globale  est  gouvern6  par  le  taux  de  oissjpation  de  la  turbulence* et  non  par  la  cinetique  chimique,  on  peut 
conclure  que  la  seule  forme,  de  chimie  necessaire  dans  le  cas.  des  flam  s  3  haute  temperature  resultant 
d'un  enrichi ssement  3  1‘oxygene  est  Iq  chimie  d'gquilibre,  .jectif  essential  de  l' etude  presentee  dans 
cet  article  est  d '.incorporer  un  trai.tement  de  1'equilibre  dhimique  raisonnab)ement  gconomique  dans  un 
prpcedg  genexal.de  prevision  d6crit  en  ( 1  j .,  La  valeur  des  pn-evisions  du  procede  resultant,  font  l'objet 
d'un  programme  de  verification  experimentale  en  cours  d'achgvement,  utilisant  des  flammes  enrichies  3 
l'oxy.ggne,  et  realise  au  Centre  de  Recherbhe  CLAUDE-DELORRE  de  L'AIR  LIQUIDE. 


Le  probleme  du  "swirl1'  n'est  oas  aborde  ici.  II  convienc  de  renarquer  au  passage  que  le  manque  de 
validation  pour  les  exemples  de  bruleurs  a  grand  nombre  de  si  :rl  provient  d'autres  limitations,  a  savoir, 
que  les  ecoulements  avec  swirl  sont  imparfaitement  lvalues  par  le  modele  de  turbulence  “standard"  a  deux 
equations,  car  1'hypothese  inherente  d'une  viscosity  turbulente  insotrope  n'est  pas  satisfaisante. 

Un  mcdele  turbulent  de  tensions  de  Reynolds  serait  preferable,  mais  la  surcharge  due  aux  estima¬ 
tions  des  parametres  necessaires,  a.ioutee  aux  calculs  deia  couteux  necessaires  a  la  prevision  des  chambres 
de  combustion,  le  rend  oratiquement  inabordable.Pourcontourner  cette  difficulte,  il  suffit  d'employer  un 
modele  algebrique  economique  pour  les  tensions  de  Reynolds  de  la  forme  decrite  en  (3),  mais  il  reste  encore 
a  etudier  son  application  aux  chambres  de  combustion.  Le  bruleur  utilise  par  L 1  AIR  LIQUIDE  ne  comportant 
pas  de  swirl  parmet  de  faire  des  etudes  de  validation  a  1'aiJe  de  solides  connaissances  de  base  obtenues 
dans  la  modelisation  des  flammes  sans  swirl  et  non  enrichies  a  l'oxygene.  En  fait,  1 'enrichissement  3 
I'oxygene  permet  la  stabilisation  de  la  flamme,  en  l'absence  d'une  zone  de  recirculation  intense  a  la 
sortie  du  brOleur. 


II.  /  LA  MODELISATION  PHYSIQUE  / 

II. 1.  LE  MODELE  DE  TUR8ULENCE 


On  emplcie  le  modele  usuel  de  turbulence  a  deux  equations  dans  lequel  on  resoud  les  equations  re¬ 
latives  3  l'bnergie  cinetique  de  la  turbulence,  k,  et  a  son  taux  de  dissipation,  e;  une  viscosite  isotrope 
effective  etant  definie  a  partir  de  ces  deux  valeurs  (3).  Malgre  des  recherclies  poussees  sur  des  modeies 
plus  compliqubs,  dans  lesquels  on  resoud  des  equations  pour  les  tensions  de  Reynolds  elles-memes,  (voir 
par  exemple  (4)),  rien  n'a  encore  permis  de  deplacer  le  modSle  k-e  dela  position  prebminente  qu'il  occupe 
dans  les  calculs  duplication  parce  qu'il  represente  une  combinaison  pratique  d'economie  et  d'exactitude. 

En  ce  qui  concerne  les  ecoulements  sans  "swirl"  dont  on  parle  ici,  les  imperfections  eventuelles 
de  ce  modele  peuvent  etre  en  grande  parti e  attribuees  non  pas  a  1' usage  du  concept  de  viscosite  effective, 
mais  aux  defauts  de  modelisation  des  equations  pour  k-e  qui  ne  sont  en  aucun  cas  faciles  a  rectifier. 

I I. 2.  LA  MODELISATION  DU  RAY ONNEME NT 


Dans  le  genre  de  four  consider  les  pertes  de  chaleur  aux  parois  refractaires  ne  sont  pas  tr§s 
importantes.  Il  n'est  done  pas  necessaire  d'avoir  recours  a  un  modele  tr6s  precis  de  transfert  par  rayon- 
nement.  Nous  avons  utilise  pour  le  rayonnement  le  modele  de  flux'  d6crit  en  detail  en  (5),  qui  assure  une 
exactitude  acceptable  pour  des  depenses  tres  limitees.  Ce  type  de  m6thode  e$t  brievement  r6sumee  dans  le 
paragraphe  suivant  : 


La  repartition  angulaire  de  l'intensite  est  repr6sent§e  par  une  s6rie  tronqube  de  Taylor,  substi- 
tube  dans  1 'equation  du  transfertde  chaleur  par  rayonnement.  Cette  equation  est  ensuite  intbgree  sur  des 
angles  solides  bien  choisis,  le  nombre  d'angles  correspondant  au  nombre  de  termes  dans  le  dbveloppement. 

On  obtient  ainsi  un  systSme  fermb  de  six  equations  aux  dbrivbes  partielles  du  premier  ordre  ayant  pour 
inconnues  les  coefficients  du  dbveloppement  de  Taylor.  Pour  le  problbme  a  deux  dimensions  traitb  ici,  nous 
ne  retiendrons  que  quatre  termes  de  la  sbrie.  Afin  de  rendre  possible  leur  solution  3  1 'aide  de  l'algorilhme 
numbrique  a  matrice  tri-diagonale  employe  pour  les  calculs  d'bcoulemer.t,  les  quatre  equations  du  premier 
ordre  pour  les  coefficients  sont  combinees  de  fagon  a  donner  la  paire  des  equations  du  second  ordre  ci- 
dessous  : 


"eK 


1 


U-b  r 


)  «  M- 


8R, 


4  R, 


)  •  T  kE 


(iRr-fRz 


)  *7 


kE 


4 

oO  r  et  z  sont  les  coordonnbes  radiale  et  axiale,  k  est  le  coefficient  d'absorption,  E  =orT  est 
sance  emissive  du  corps  noir,  et  Rr  et  Rz  sont  relies  aux  coefficients  de  la  sbrie  de  Taylor.  Ces 
ne  sont  pas  appliqubes  directement  au  gaz  de  combustion  mais  3  un  systbme  classique  de  4  gaz  gris 


la  puis- 

bquations 

equivalents. 


II. 3.  MODELISATION  DE,  PROCESSUS  THERMIQUES 

La  prevision  correcte  des  processus  thermique  est  trbs  importante  pour  le  dbroulement  des  calculs. 
Le  modele  utilise  est  d§crit  en  detail  dans  (6), 


En  ce  qui  concerne  les  transports  de  chaleur  et  de  masse  accompagnant  la  combustion,  on  fait  1'hy- 
Dothbse  classique  que  tous  les  coefficients  de  diffusion  turbulente  sont  bgaux.  Le  melange  des  constituants 
est  alors  rbgi  par  une  equation  portant  sur  le  rapport  de  melange  f  quantitb  independante  de  1 'evolution 
des  reactions  et  bgale  3  la  fraction  massique  de  combustible  dans  Tbtat  imbrulb. 

Similairement  le  transport  de  chaleur  est  caractbrisb  par  une  seule  equation  enthalpique  ou  la 
temperature  et  la  composition  chimique  n'interviennent  pas  explicitement. 

En  ce  qui  concerne  le  processus  de  combustion,  on  suppose  en  premier  lieu  une  reaction  chimique  glo- 
bale  simplifibe  entre  le  combustible  gazeux  et  le  comburant  aboutissant  a  la  production  de  CO2  et  H2O.  En 
second  lieu,  on  surajoute  a  ce  schema  de  base  les  calculs  d'b-;uilibre  chimique  expose  dans  la  section 
suivante,  pour  tenir  compte  de  la  dissociation  des  produits  de  combustion. 

(Ians  le  schema  de  base  1'btat  thernwdynamique  du  melange  rbagissant  est  fonction  de  deux  variables 
seulement  ;  la  fraction  de  melange,  f,  et  le  deorb  d'avancenient,  r,  defini  par  r  =  (mj  -  mi,  u)/(mj,b  -  mj,u) 
(reactedness),  ou  mj  est  la  fraction  massique  de  toute  espbee  chimique  rbagissante,  et  ou  0  et  u 
dbsigneht  le  fluide  brulb  et  ncn-brule.  Pour  une  flamme  de  diffusion,  r  =  1,  et  la  turoulence  entraine  des 
fluctuations  de  f  uniquement,  tandis  que  pour  une  flamme  parfai teme'nt  prbmblangbe,  f  est  constante  et  r 
varie. 


On  suppose  pour  les  fluctuations  des  deux  variables,  que  les  fonctions  density  de  probability  (d.p.) 
ont  des  formes  a  priori.  Pour  le  i.as  de  f,  on  utilise  une  distribution  Gaussienne  "sectionnee",  compiate- 
ment  specifiee  par  la  connaissance  de  la  fraction  de  melange  moyenne  dans  le  temps,  f.  et  sa  variance, 

gf  =  (f  -  fl^.  L'hypothese  d'une  cinetiaue  chimique  rapide  comparee  au  taux  de  melange  .urbulent  parait 
bien  fonde  dans  la  plupart  des  calculs  d'applications;  elle  est  compatible  avec  une  loi  de  probability 
(d.p.)  simple  de  r  constituees  de  deux  fonctions  delta  (au  sens  de  DIRAC),  ces  fonctions  de  delta  etant 
centrees  sur  les  valeurs  limites  r  =  0  et  r  =  1.  La  grandeur  des  fonctions  delta  est  eun  liaison  directe 
avec  le  degre  d'avancement  moyen  dans  le  temps,  r,  qui  peut  etre  obtenue  5  partir  de  la  solution  d'une 
equation  de  bilan  portant  sur  la  fraction  molaire  moyenne  (dans  le  temps)  de  Tune  des  especes  reagissante, 
le  combustible  par  exemple. 


Une  formule  est  necessaire  pour  le  taux  de  reaction  moyen  de  l'espece  choisie,  qui  represente  un 
terme  de  source  dans  1 'equation  de  bilan  consideree.  Dans  l'hypothyse  ou  la  reaction  globale  est  controlee 
par  le  taux  de  rolange  de  turbulence,  le  taux  de  faction  est  ygal  au  taux  de  dissipation  des  fluctuations 
de  r.  On  a  propose  plusieurs  expressions  reliant  le  taux  de  dissipation  de  la  turbulence  a  des  variables 
connues.  Ils  ont  une  base  physique  commune,  bien  que  voisine.  Heureusement,  les  calculs  sont  insensibles 
a  la  forme  exacte  de  1 'expression.  Celle  que  nous  avons  utilisee  est  : 

VCii  <sj.b  ■»),.>  O'o-d)  1/2  «/k 

ou  Rj  est  le  taux  de  reaction  moyen  dans  le  temps  de  l'espece  reagissante  choisie.  Dans  cette  formule 
s'incrit  l'hypothyse  simple,  que  le  taux  de  dissipation  des  fluctuations  du  degr§  d'avancement  est  pro- 
portionnel  d'une  part  a  leur  ycart-type,  qui,  pour  la  loi  de  probability  simple  constituSe  de  deux 
fonctions  de  deltas, 

s'dcrit  :  (r  (i  -/]}  ;  et  d'autre  part  3  1 ' fichelle  de  temps  de  grands  tourbillons,  J^/k.  La  constante 

empirique,  C,  a  yty  trouvye  egale  a  0,35  environ. 


On  s'interesse  dans  la  plupart  des  cas  aux  quantitys  moyennes  dans  le  temps  et  cette  moyenne  dans 
le  temps  s'exprime  pour  toute  propriate  thermodynamique,  i>  ,  par  : 

?  =  [  I  d  (f ,r)  p(f ,r)  dfdr 

J  ojo 


oO  p  (f,  r)  est  la  fonction  jointe  de  probability  de  density  pour  f  et  r.  II  y  a  peu  de  chances  que  les 
variations  de  f  et  r  soient  fortement  correiyes;  on  peut  done,  de  maniyre  justifiable,  dycomposer  p  (f,r) 
en  separant  les  variables  et  ycrire  : 


0  ( f ,  r)  p(f)  p(r)  dfdr 


ou  p  (f)  et  p  (r)  sont  respecti vement  les  d.p.  Gaussienne  sectionnye,  et  delta  couplAe,  mentionnAes 
ci-dessus.  Pour  pi  us  ae  dytails  on  se  rdferrera  a  (7). 


m.  /  PRINCIPE  DE  LA  HETHOOE  NUHERIQUE  DE  RESOLUTION? 
III .1.  EQUATIONS  A  RESOUDRE 


On  doit  resoudre  des  aquations  pour  les  composantes  axiale,  u  et  radiale,  v,  l'anergie  cinytique 
de  la  turbulence,  k,  et  son  taux  de  dissipation,  £,  la  fraction  de  melange,  f,  et  sa  variance,  g,  la 
fraction  massique  du  combustible,  mfu,  l'enthalpie  spycifique,  h,  et  enfin  les  param&tres  de  rayonnement 
Rr  et  Rz.  Pour  la  gyomytrie  cylindrique  polaire  traitye  ici,  ces  aquations  sont  toutes  de  la  forme  : 
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ou  d  reprasente  toute  variable  dypendante  arioncae  ci-dessus,  et  est  un  terme  de  source  (par  exemple 
Pfu  dans  le  cas  de  l'aquation  relative  3  mfu, fraction  massique  rasiduelle  de  combustible). 

HI. 2.  METHQDE  DE  RESOLUTION 

Les  aquations  sont  rasolues  3  1  ‘aide  <fU  processus  standard  de  difference  finie  decrit  en  (8)  et 
(9),  et  rattache  au  code  d'ordinateur  TEACH-T.  Les  .grilles  d'ordinateur  util i s§es  comprennent  40C  oceuds 
qui,  lorsqu'.ils  sont  aisposas  convenablement,  donnent  des  rasultats  independents  de  la  grille. 

Les  conditions  , aux  limites  .util isdes  correspondent  3  celle  du  bruleur  expyrimental .  Certaines 
donnaes  manquantes  sont  remplacaes  par  des  estimations  raisonnables  (amissivite  de  la  paroi  par  exemple) 
Les  caracteristiques  d'absorption  et  d'emission  du  gaz  sont  celles  du  modaie  classique  3  4  gaz  gris.  A 
chaque  iteration  les  yariables  correspoodant  aux  equations  ci-dessus  sont  en  principe  raavaluaes,  ainsi 
que  les  grandeurs  qui  en  dapendent. 

Toutefois  le  rcajustement  des  valeurs  moyennes  liaes  au  modaie  stochastique  de  combustion 
n'intervient  que  tous  les  5  3  10  iterations. 

iy.  /^RlSE  EN  CQuPfE  DES  MSSOClATlONS  INTERVENANT  A  HAUTE  TEMPERATURE  / 

IV. 1.  PRINCIPE  DU  REAJUSTEHENT  AU  MOYEN  DES -CALCULS.  D'EQUILIBRE 

Nous  considarons  qu'en  chaque  point,  l'etat  thermodynamique  du  melange  est  atteint  en  2  atapes 
3  cinytique  trds  rapide. 


La  oremiere  est  une  combustion  fictive  dans  laquelle  le  melange  de  depart  COMBUSTIBLE  +  OXYGENE 
(+  INERTE)  donne  CO2  +  H20  +  EXCES  (+  INERTE). 

Par  EXCES  on  entend  soit  1'exces  d'oxygene,  soit  l'exces  du  combustible  subsistant  apres  combustion 
stochiometrique.  Le  melange  de  depart  est  par  definition  le  melange  local  qu'on  obtiendrait  en  l'absence  de 
combustion. 

Dans  le  cas  general  ou  il  peut  exister  plusieurs  arrivees  de  comburant  (oxygene  pur  et  air  plus  ou 
moins  enrichi  par  exemple),  et  ou  le  combustible  peut  contenir  des  inertes,  la  composition  de  depart  est 
definie  par  les  fractions  massiques  f  et  i  de  combustible  et  d'inerte  respectivement.  Elle  s'obtient  par 
2  Equations  de  transport  ne  comoortant  pas  de  terme  de  source.  Dans  le  cas  limite  d'un  prSmelange  complet 
f  et  i  sont  constants.  En  l'absence  d'echange  par  rayonnement  l'enthalpie  du  melange  r6el  hy\p  est  fonction 
lineaire  de  f  et  i  et  ne  necessite  pas  d'equation  particuli&re. 

Par  contre,  si  le  rayonnement  est  pris  en  compte,  I'equation  de  transport  de  l'enthalpie  comporte 
un  terme  de  source,  et  doit  etre  rgsolu  sSparement.  II  conduit  3  une  valeur  locale  de  h  differente  de  h^p 
et  1'dcart  traduit  1 'influence  des  pertes  par  rayonnement.  On  peut  le  caracteriser  par  un  rapport  d'adia- 
baticite  sans  dimension  "P  dSf ini  par  : 

V3  =  — --j2&  ou  hD  est  une  enthalpie  de  reference  prise  gaale  a  celle 

hA0-  hR  R 

du  melange  brule  ideal  (non  dissocie)  ramen§  a  la  temp&rature  ambiante. 

La  seconde  etape  est  un  retour  adiabatique  aux  conditions  d'fiquilibre  chimiques,  que  1 'on  peut 
obtenir  par  un  sous-programme  d'fiquilibre  chimique,  dans  lequel  les  variables  d'entrees  sont  l'enthalpie 
locale  h  et  la  composition  £1Smentaire  dSduite  de  f  et  i. 

En  fait,  il  esb  plus  commode  d'utiliser  au  lieu  de  h  le  rapport  d'adiabaticite  J^defini  plus  haut. 

L'utilisation  systSmatique  d'un  sous-programme  d'equilibre  pour  calculer  en  chaque  point  et  3 
chaque  iteration  la  temperature,  la  densite  et  la  composition  en  fonction  de  f,  i  et/fest  exclue  du  point 
de  vue  6conomique. 

La  difficult^  a  ete  tourn§e  en  calculant  au  prSalable  des  valeurs  d'fiquilibre  pour  un  nombre 
limits  de  valeurs  de  f  ,  f  et  i,  et  en  interpolant  au  moyen  de  formules  d'ajustement.. 

Oans  line  premiere  etude  limitSe  au  cas  extreme  d'un  bruleur  a  l'oxyg&ne  pur,  un  tableau  3  2  entrees 
,  f  comportant  environ  100  rSsultats  d'Squilibres  a  ete  etabli  3  partir  de  sous-programmes  d'Squilibres 
derives  de  ceux  de  HARKER  et  SMITH  (id) . 

Comme  premiere  approche,  ces  rSsultats  ont  ete  condenses  en  une  formule  d'ajustement  du  type  : 

rEQ  .  A0  *  A,  f  .  »2  ,3  ♦  S3  f3 

avec  les  Ai  sont  fonctions  de  )P,  et  une  formule  similaire  pour  la  densite. 

Si  on  nSgligeait  3  ce  stade  les  fluctuations  de  la  fraction  de  melange,  on  pourrait  utiliser 
directement  cette  formule  pour  chaque  point,  en  utilisant  pour  f  la  valeur  donnSe  par  I'equation  de  trans¬ 
port  correspondante  : 

TEq  =  Aq  +  Aj  f  +  A2  (f)2  +  A3  (f)3 

En  rSalite  la  formule  d'ajustement  fournit  une  valeur  instantan§e  3  partir  de  laquelle  la  valeur  moyenne 
correcte  s 'exprime  par  : 

\oRR  =  Ao  +  A1  ^  *  A2  +  A3  (f3)  soit  enccrs 
^CORR  =  ^EQ  +  A2  g  +  A3  (M3  "  (f)3) 

g  dSsignant  comme  precedemment  la  variance  de  fluctuation  de  f  et  M3  un  moment  non-centre  du  3°  ordre 

M3  =  J  f3  p  (f)  d  • 

M3  se  calcule  facilement  3  partir  des  paramStres  de  la  densite  de  probabilite  considerSe  precedemment. 

La  mSthode  conduit  3  des  corrections  Tcor  -  Teq  g^nSralement  faibles  sauf  au  voisinage  du  nez  du  bruleur 
ou  la  validite  du  calcul  peut  etre  mise  en  doute. 

En  effeti  on  ne  dispose  pas  de  formules  d'ajustement  unique  val&ble  entre  0  et  1,  et  l'utilisation 
d'une  telle  formule  est  en  principe  erronn6e  dans  les  zones  0O  les  fluctuations  de  f  sont  importantes. 

Une  autre  methode,  en  cours  de  realisation,  revient  3  utiliser  un  ajustement  par  trongons  et 
ralculer  directement  1'intSgrale  : 

^CORR  =  /TEQ  ^  p  d  f 
par  integration  num§rique. 


ZIK> 


IV. 2.  METHODE  ITERATIVE  DE  CORRECTION  DU  RAYONNFMENT 


La  methode  de  rAajustement  exposee  ci-dessus  suppose  connue  l'enthalpie  du  melange  en  tout  point. 
En  realite  1 'Aquation  enthalpique  contient  un  terme  de  source  qui  ne  peut  etre  calculA  correctement  par  le 
modele  de  rayonnement  dAcrit  prAcAdemment,  que  si  la  temperature  et  la  concentration  des  espAces  absor- 
bantes  sont„eux  meme  connus.  II  convient  done  d'effectuer  les  reajustement:  nAcessaires  au  cours  d' itera¬ 
tions  successives.  Au  stade  actuel  nous  nous  sommes  bornes  a  des  r€ajustenents  de  temperature  et  de  densi- 
te. 


V.  /  DISPOSITIF  EXPERIMENTAL  / 

L'installation  comprend  essentiellement  une  chambre  de  combustion  et  des  moyens  de  mesures  des 
temperatures,  et  de  vitesses.  de  prAlAvemen.'c  de  gaz  et  de  rayonnement  : 

V.l.  LA  CHAMBRE 


Cette  chambre  est  un  four  experimental  (figure  1)  revetu  interieurement  de  r6fractaires  en  corin- 
don  (94%  d'alumine),  et  permettant  d'atteindre  des  temperatures  de  2C0C  X. 

Sa  capacite  de  chauffage  nominale  est  de  l'ordre  de  250  kW  mais  peut  varier  pratiquement  entre 
150  et  400  kW  en  fonction  du  taux  d'oxygenation  du  comburant  et  des  temperatures  intArieures  du  four  aux- 
quelles  on  veut  faire  les  essais.  II  est  equipe  pour  fonctionner  avec  des  combustibles  liquides  et  gazeux, 
et  comme  comburant  de  Tair  suroxygene  et  de  VoxygAne  pur. 

Ce  four  est  muni  d'un  certain  nom’ore  d'ouvertures  laterales  qui  permettent  1 'introduction  des 
sondes  de  mesure  (temperatures,  vitesses)  des  prises  de  gaz,  et  des  radiomAtres. 

Oes  thermocouples  incorpores  dans  la  paroi  interne  permettent  de  suivre  les  temperatures  interieures 
en  3  points  du  four  sur  une  meme  generatrice. 

V.2.  LES  BRULEURS 


Les  bruleurs  utilises  sont  du  type  industriel  :’face  melange",  pour  6viter  tout  risque  de  rentree 
de  flamme  (figure  2). 

II s  comprennent  : 

i 

-  une  arrivee  de  gaz  combustible  (methane)  par  une  canne  axiale,  debouchant  par  6  trous  faisant  un 
angle  de  divergence  de  20°  avec  1'?a6;  re  dispositif  assure  un  meilleur  melange  du  gaz  avec  l'oxygAne  pAri- 
phirique. 

-  une  arrivee  pAriphArique  dYixygAne,  dont  la  section  est  adaptAe  au  debit  mis  en  jeu,  de  fagon  A 
conserver  tout  au  long  des  essais  ur.a  vitesse  de  sortie  d'oxyg§ne  relativement  constant*. 

-  une  2eme  arrivee  p6riph6rique  d'air  dont  la  section  est  6galement  ajustAe  au  debit  de  ce  combu¬ 
rant. 


V.3.  MESURES  DES  TEMPERATURES  HANS  LA  FLAMME 


Les  temperatures  atteintes  dans  les  flammes  suroxyg§nees  etant  souvent  siip6rieures  A  2000  K,  il 
etait  nAcessaire  ce  disposer  d'un  pyromAtre  ayant  des  performances  supArieuns  8  celles  d'un  pyromAtre  8 
aspiration  classique. 


L'appareil  utilise  a  AtA  du  type  5  "double  col I  sonique"  avec  lequel  on  determine  la  temperature  par 
variation  de  masse  volumique  aprAs  detente  sonique.  L'At’ude  de  cet  appareil  a  6t6  rAalisAe  par  1'O.N.E.R.A. 
(11). 


-  Principe  du  double  col  (figure  3) 

A  Dartir  de  1 'Aquation  de  BARRE  de  ST  VENANT  8  la  traversAe  d'un  col  sonique  et  la  relation  du 
HUGONIOT ,  on  dAduit  le  debit  8  travers  un  orifice  sonique  en  fonction  de  la  pression  et  de  la  temperature 
d'arret,  Aux  faibles  vitesses  auxquelles  on  travaille,  ces  valeurs  peuvent  etre  confondues  avec  les  valeurs 
statiques.  La  figure  (3)  indique  la  methode  de  calcul  et  precise  les  notations  utilisAes. 

La  mesure  porte  sur  les  inconnues  du  second  membre  (Pi ,  P2,  T2).  On  notera  que  y  j  et  Mi  sont  des 
fonctions  de  la  temperature  cherchAe  Tj.ce  qui  nAcessite  un  calcul  par  iteration. 

Le  rapport  des  sections  des  cols  &  a  Ate  determine  par  Atalonnage  avec  un  pyromAtre  8  aspiration 
muni  d'un  thermocouple  en  platine  dans  1 1  une  zone  de  temperature  allant  jusqu'8  2000  K. 


V.4.  MESURE  DES  VITESSES 


La  mesure  des  vitesses  est  faite  de  fagon  classique  avec  une  “Sonde  de  Prandtl"  refroidie  par  eau. 

Les  deux  prises  de  pression  sont  reliAes  8  un  capteur  diffArentiel  ACB  trAs  sensible  dor.t  le  signal 
Alectrique  est  enregistrA  sur  un  Servotrace. 


V.5.  ANALYSE  DES  GAZ 


Pour  chaque  flamme  et  8  chaque  fenetre  des  prAlAvements  de  gaz  ont  AtA  effectuAs  au  moyen  d'une 
canne  d'aspiration  Anerg6tiquement  refroidie.  Les  gaz  supposes  "trempAs"  sont  analyses  au  chromatographe, 


qui  fournit  les  concentrations  molaires  en  CO2.  CO,  H2,  N2  O2. 

Etant  donnees  les  dissociations  importantes  rencontrees  dans  les  flammes  a  haute  temperature,  et 
la  rapiditc  de  recombinaison  des  espgces  dissociees,  il  a  ete  ngeessaire  de  disposer  d'une  sonde  de  prg- 
levement  3  figeage  parti culierement  efficace.  La  SNECMA  a  mis  au  point  une  "Sonde  a  detente  supersonique" 
dont  le  tube  d'aspiration  est  tel  que  des  V  entree  de  la  sonde  i'ecoulement  devient  supersonique,  permet- 
tant  ainsi  un  refroidissement  tr§s  rapide  et  plus  efficace  que  le  seul  refroidissement  par  circulation 
d'eau  (figure  4).  (12) 

V.6.  MESURES  OE  RAYONNEMENT 


Les  mesures  de  rayonnement  sont  effectuees  avec  2  types  de  pyrometres  a  rayonnement  total  : 

-  un  pyromdtre  3  "faibl;  angle  d'ouverture"  permettant  la  visge  d'une  tranche  de  flanme  a  travers 
le  four,  et  la  mesure  de  sa  temperature  equivalente  "corps  noir";  une  telle  mesure  complete  les  donnees 
fournies  par  1 ‘application  de  la  methode  de  SCHMIDT  en  monochromatique  ( £  *  et  temperature  rgelle)  et 
permet  la  determination  du  facteur  d'graissivite  total 

-  un  pyrometre  a  "grand  angle  d'ouverture"  (2tC  steradians) ,  qu<  permet  de  mesurer  le  rayonnement 
regu  par  un  point  de  la  paroi  du  four,  et  provenant  de  1'ensemble  four-flamme  vu  par  ce  point. 

VI.  /  .CONFRONTATION  ENTRE  LES  CALCULS  ET  LES  RESULTATS  EXPERIMENT^  7 

Les  resultats  de  calcul  actueilement  disponibles  doivent  etre  considgr§s  comme  provisoires,  car 
ils  ne  tiennent  pas  compte  des  derniers  perfectionnements  §voqu§s  plus  haut  (integration  directe  5  partir 
de  la  loi  de  probabilitg). 

Le  tableau  I  donne  les  champs  de  temperature  obtenus  avec  et  sans  prise  en  compte  des  dissociations, 
il  demontre  clairement  la  necessity  d'introduire  les  dissociations  pour  obtenir  des  resultats  valables. 

La  figure  (5)  reprgsente  dans  ces  2  hypotheses  les  profils  de  temperature  calculgs  sur  l'axe  de  la 
chambre  et  les  resultats  de  mesure  correspondents. 

La  premiere  campagne  d'essais  ayantdue  etre  interrompue  5  la  suite  d'une  deterioration  du  four 
ngeessitant  d'importantes  reparations,  nous  n'avons  pu  obtenir  que  trgs  peu  de  resultats  expgrimentaux. 

Une  nouvelle  campagne  d'essais  est  actuellement  en  cours. 

VII.  /  cMcluSTON~7 

Sous  reserve  de  confirmation  des  premiers  resultats  disponibles,  la  methode  proposee  parait  en 
mesure  de  prddire  de  fagon  satisfaisante  les  chambres  de  combustion  compte  tenu  des  gchanges  par 
rayonnement,  des  fluctuations  et  des  dissociations  chimiques  apparaissant  i  haute  temperature. 
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COL  N  1 


COL  N*2 


HUILE  A110  C 


EQUATION  DE  CONTINUITE: 


Vo+1 


d’ou 

fi(Y„  Mjl)=  f  (Ya, 

RT,  RT2/  PtA, 

.le  rapport  *2  est  etalonne  experimentalement 
A, 

.les  pressions  Pj  et  P2  mesurees. 

,f2lcalcule  (  M2  et  T2  connus). 

.T,  obtenu  a  partir  de.fi 

Fig, 3  Principe  du  double  col 


Fig.4  Sonde  de  prelevement  sonique 


CALCULS  SANS  DISSOCIATIONS 


DISCUSSION 


E.Perthuis,  Fr 

Les  calculs  et  experiences  mends  par  les  auteurs  ont-iis  permis  de  mettre  en  evidence  l’interet  d’un  faible  facteur 
emissif  de  la  flamme  et  des  gaz  dans  ce  four  dont  les  parois  sont  tres  chaudes? 

Rdponse  d’Auteur 

II  aurait  fallu  ddcrire  dans  le  ddtail  les  variations  des  propridtds  dmissives  des  gaz  en  fonction  de  la  temperature  et 
des  concentrations.  Le  modele  de  Salooja  et  Lockwood  est  base  sur  une  mdthode  perfectionnde  de  flux  avec  4  gaz 
gris  comme  principe  de  simulation.  Un  des  confdrenciers  precedents  a  indique  que  cette  mdthode  donnait  des 
rdsultats  presque  aussi  bons  que  des  methodes  plus  sophistiqudes  basdes  sur  la  repartition  spectrale.  Cependant,  il 
ne  faut  pas  dire  que  les  pertes  par  rayonnement  sont  ndgligeables;  elles  sont  importantes  et  influent  sur  le  profil  de 
tempdrature  en  raison  des  niveaux  de  tempdrature  beacoup  plus  dlevds  qu’a  l’habitude. 


J.B.Michel,  Ne 

Pour  commenter  la  question  prdcddente  sur  l’effet  de  l’dmissivitd  moyenne  des  gaz  de  combustion  sur  le  calcul  du 
rayonnement  avec  tempdrature  elevde  de  la  charge,  il  faut  dire  que  cet  effet  n’est  pas  tres  important  avec  des 
flammes  oh  le  comburant  est  de  1’air  (e  =  0,15  a  0,20)  mais  il  est  assez  important  pour  des  flammes  a  1’oxygene  pur 
et  Ton  ne  peut  pas  ndgliger  la  variation  de  l’dmissivitd  avec  la  tempdrature. 

Rdponse  d’Auteur 

A  litre  de  commentaire,  il  faut  prdciser  que  la  mdthode  n’utilise  pas  la  valeur  (T)4  mais  T4  calculd  a  partir  du 
moddle  probabiliste  de  Salooja  et  Lockwood. 


N.Peters,  Ge 

Nous  avons  fait  des  expdriences  sur  des  flammes  enrichies  a  l’Oxygene  et  mesurd  les  NOx.  On  a  trouvd  des  niveaux 
infdrieurs  a  ceux  attendus  si  on  utilise  des  formules  simples  pour  calculer  ces  niveaux  des  NOx. 

Pour  des  flammes  alimentdes  en  air  prdchauffd,  on  constate  le  meme  phdnomdne.  Nous  pensons  que  cela  est  dfl  au 
rayonnement  trds  important,  dans  ce  type  de  flamme.  Pouvez  vous  dvaluer  le  pourcentage  d’dnergie  rayonnde  par 
la  flamme? 

Rdponse  d’Auteur 

Ces  pertes,  trds  variables  suivant  la  position  dans  le  four,  sont  en  moyenne  de  20%. 
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ABSTRACT 

The  conservation  equations  governing  the  flow  field  and  the  combustion  process  in  isothermal  and  in  dif¬ 
fusion  controlled  combusting  confined  flows  are  solved  using  a  numerical  finite  difference  technique;  the 
results  are  compared  with  measurements. 

The  combustion  process  of  the  hydrocarbon  fuel  has  been  modelled  by  using  instant  reaction  with  fluctua¬ 
tions  in  the  mixture  fracture,  and  with  three  different  assumptions  for  the  chemical  conditions:  frozen 
chemistry,  equilibrium  chemistry  and  partial  equilibrium  chemistry. 

Attention  is  paid  to  the  formation  of  nitrogen  oxides,  and  it  is  shown  that  in  hydrocarbon  diffusion  flames 
a  substantial  amount  of  the  NO  formed  is  due  to  'prompt  NO'  formation.  For  this  process  an  effective  model 
is  presented. 

1 .  INTRODUCTION 

During  the  last  decade  considerable  effort  has  been  devoted  to  the  modelling  of  furnace  phenomena. 

In  general  two  distinct  lines  of  approaching  the  problem  can  be  observed. 

Some  authors  have  tried  to  model  the  furnace  by  dividing  it  into  several  separate  sections,  each 
representing  a  simple  system,  s.a.  well  stirred  or  a  plug  flow  reactor  [  1  ] .  Although  such  methods 
are  useful  for  the  prediction  of  the  trends  in  furnace  behaviour  or  pollutants  formation,  additional 
model  assumptions  and  empirical  data  are  often  required  for  particular  calculations. 

On  the  other  hand  methods  have  been  developed  that  simulate  the  furnace  performance  in  more  detail, 
generally  by  solving  the  conservation  equations  in  finite  difference  form  [ 2-4  ) .  These  methods  lead 
to  a  fair  prediction  of  the  influence  of  furnace  geometry  and  configuration  dependent  phenomena  s.a. 
furnace  heat  transfer  and  flame  furnace  wall  interaction.  However,  these  more  sophisticated  models 
also  require  some  assumptions,  normally  regarding  the  turbulence  model,  the  radiation  model  and  the 
combustion  model. 

In  the  present  work  such  a  detailed  method  is  used  for  the  prediction  of  the  completely  diffusion 
controlled  combustion  of  gaseous  hydrocarbons  in  an  axisymmetrical  combustion  chamber.  Several  com¬ 
bustion  models  are  investigated,  all  based  on  instant  reaction  combined  with  scalar  fluctuations. 

The  main  scalar  being  in  this  case  the  socalled  mixture  fraction,  and  particularly,  attention  is  paid 
to  the  accurate  prediction  of  the  fluctuations  of  this  scalar. 

In  this  framework  the  mixing  process  of  a  scalar  and  the  production  of  scalar  fluctuations  in  an 
Isothermal  combustor  geometry  is  firstly  investigated  by  comparing  the  results  of  numerical  calcu¬ 
lations  with  extensive  measurements  by  BECKER  [  5-6  ] . 

Furthermore,  the  assumptions  concerning  the  combustion  process  are  investigated  in  a  detailed  com¬ 
parison  between  experimental  and  numerical  data  for  natural  gas  flames. 

Finally,  the  developed  models  are  tested  by  comparison  of  calculations  with  measurements  obtained 
in  the  Delft  furnace  for  a  low  NO^  burner  geometry. 

2.  MATHEMATICAL  AND  PHYSICAL  ANALYSIS 


2.1.  Basic  equations. 

Tho  calculation  procedure  consists  of  solving  the  partial  differential  equations  representing  the 
conservation  of  the  time  averaged  flow  properties  in  an  axisymmetrical  flow  geometry.  The  general, 
elliptic  form  of  these  equations  can  be  expressed  as: 
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in  which  u  and  v  represent  axial  and  radial  velocity,  and  $  a  flow  property,  with  p,  as  its  viscosity 

and  ,S ,  as  its  sourceterm. 

9 

In  the  case  of  furnace  calculations  9  represent  subsequently  (u,  v)  axial  and  radial  velocity,  (k,  e) 

k  k 

the  turbulent  kinetic  energy  and  its  dissipation,  h,  the  stagnation  enthalpy,  (P.^,  Rr>  the  radiant 
heat  flux  in  the  x  and  r  direction  for  radiant  gas  k,  (Yf,  Y^),  the  mixture  fraction  and  its  root 


mean  square  value  and  finally  Y^,  the  mass  fraction  of  thermal  NO. 

The  values  of  p,,  p,  and  S,  are  given  in  table  I.  Constants  necessary  to  solve  these  equations  are 
9  9  9 


given  in  table  II. 

When  no  recirculation  takes  place,  as  in  the  case  of  free  diffusion  flames,  the  second  form  on  the 
right-hand  side  of  (1)  can  be  omitted,  transforming  the  partial  differential  equation  to  a  parabolic 
form,  which  is  easier  to  solve  numerically. 

For  the  solution  of  equation  (1)  it  is  necessary  to  define  boundary  conditions;  at  the  axis  of  sym¬ 
metry  <r  =  0)  these  are:  v  =  0  and  3$/3r  =  0  for  all  other  quantities,  at  the  solid  boundary  empirical 
wall  functions  can  be  used  to  relate  (39/3r)  to  the  local  values  of  9,  for  u,  v,  k,  e  and  h  [ 2,  7  ) , 
k  k 

and  for  R^,  R„  {  8  ] ;  the  other  values  of  9  are  set  to  zero.  At  the  exit  of  the  duct  and  furnace  cal¬ 


culations  (39/3r)  was  assumed  to  be  zero,  and  at  the  entrance  all  variables  9  were  specified. 


2.2.  Turbulence  model. 

The  two-equation  turbulence  model  used  in  the  present  work  is  based  on  the  solution  of  the  equations 
for  the  turbulent  kinetic  energy  k  and  its  dissipation  rate  e;  in  this  model  the  logic  assumption  for 
the  turbulent  viscosity  is:  =  CDpk2/e.  This  viscosity  has  to  be  added  to  the  laminar  viscosity. 

The  chosen  model  had  been  shown  to  give  good  predictions  in  boundary  layer  type  flows  [  9  ] ,  and  also 
in  more  strongly  elliptic  flows  of  the  same  geometry  as  has  been  used  here  [2,  10  ] . 

Because  of  the  uncertainties  in  the  combustion  model  more  refined  turbulence  models  are  judged  to  be 
over-sophisticated  at  this  stage  of  the  development. 

2.3.  Radiation  model. 

The  four-flux  radiation  model  adapted  here  is  based  on  the  formulation  of  GOSMAN  e.a.  [  8  ) ,  which 

k  k 

reduces  the  original  four  equations  for  the  radiation  fluxes  in  four  directions,  I  and  I  for 

V  I  J? 

radiant  gas  k,  to  two  equations  governing  the  distribution  of  the  sum  parameters  R  =  (I  +  I  )/2, 

K  K  k  ^  ^ 

and  Rr  =  (Ir+  +  I  )/2.  Although  this  formulation  is  efficient  a  deficiency  can  be  the  uncoupling  of 

the  fluxes  in  radial  and  axial  direction. 

Nevertheless  summations  of  radial  and  axial  £Z  -xes,  representing  fluxes  in  directions  under  45°  with 
the  symmetry  axis,  are  evidently  coupled.  Also  the  dependency  of  pRk  on  r  correctly  represents  the 

r 

consequences  in  radial  direction  of  an  anisotropic  flux  distribution. 

Moreover  the  physical  constant':  to  be  applied  to  the  scattering  and  absorption  of  the  calculus  are 
uncertain,  not  at  least  because  of  the  occurrence  of  luminous  radiation. 

Therefore  scattering  has  to  be  assumed  negligible,  and  two  models  for  the  absorption  and  emission 
coefficients  have  been  tested.  In  a  first  model  the  absorption  and  emission  constant  have  simply  been 
chosen  constant  (cq  »  =4),  representing  a  one  gray  radiating  gas.  In  a  second  model  the  constants 

have  been  assumed  to  be  temperature  and  mixture  dependent  (a.  (Y__  ,  Y  ,  p,  T)  and 

K  CO2  H2O 

e,  (Y  ,  Y  ,  p,  T)  for  gas  k)  in  a  one  clear,  three  gray  gas  formulation  for  natural  gas  developed 
and  used  by  the  IFRF  [  11  ]  for  natural  (Groningen)  gas  in  similar  calculations. 

2.4.  Combustion  models. 

In  the  literature  concerning  combustion  models  two  categories  of  models  have  been  proposed.  The 
first  category  consists  of  models  in  which  the  governing  parameter  is  the  fuel  mass  fraction.  The 
conservation  equation  for  the  fuel  mass  fraction  is  solved  using  an  effective  source  term,  being 
either  an  Arrhenius  type  reaction  rate  or  a  flow  pattern  dependent  reaction  rate,  s.a.  the  eddy 
break-up  rate  proposed  by  SPALDING  l  2  ]  or  in  a  different  way  by  BRAY  [  12  ]  .  These  models  seem  to 
be  particularly  suited  for  modelling  premixed  flames  because  there  the  effective  reaction  rate  i3 
the  controlling  factor. 

In  diffusion  flames,  however,  the  mixing  process  is  much  slower  then  the  chemical  reaction.  Conse¬ 
quently  the  combustion  process  is  controlled  by  mixirg,  the  reaction  rate  can  be  assumed  as  infinitely 
fast,  and  a  parameter  like  the  mixture  fraction,  defining  the  mixing  process,  controls  the  reaction. 

The  relation  between  the  reaction  process  and  the  mixture  fraction  in  this  case  can  be  found  via  the 
quantity: 
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where  Yfu  and  denote  fuel  and  oxidant  mass  fractions  and  r  is  the  stoichiometric  mass  ratio 
between  fuel  and  oxidant. 

The  conservation  equation  governing  the  distribution  of  f  has  a  source  term  equal  to  zero.  Further¬ 
more  the  following  identity  can  be  deduced: 
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where  Y^  in  the  fuel  phase  is  equal  to  one,  and  in  the  oxidant  phase  equal  to  zero. 

At  the  stoichiometric  conditions:  £st  =  0,  and  Y^  =  l/(r+l).  For  the  Groningen  natural  gas  used 

in  our  experiments  r  =  13.07  and  Y.  =  .071.  st 

st 

So  far  we  have  made  no  proposals  for  the  reaction  process,  beside  the  fact  that  it  is  slower  than  the 
mixing  process.  In  the  paper  three  models  will  be  discussed:  the  well-known  frozen  composition  model 
[  2  1 ,  the  equilibrium  composition  model  and  a  so-called  partial  equilibrium  composition  model. 

2.4.1.  Frozen  composition  model  (model  1). 

In  this  model  it  is  assumed  that  the  infinitely  fast  reaction  is  restricted  to  an  infinitely  small 
reaction  zone,  situated  at  the  surface  where  Yf  =  Y  .  Outside  this  reaction  zone  the  reaction  is 

st 

considered  to  be  completely  quenched,  and  the  composition  is  in  effect  frozen. 

Under  these  assumptions  it  is  a  simple  matter  to  define  mass  fractions  and  temperatures,  for  example: 
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The  respective  Yqx  and  Y  can  be  found  by  means  of  equations  (2)  and  (3) .  The  temperature  is  cal¬ 
culated  with  help  of  the  calculated  enthalpy  and  an  average  value  of  the  specific  heat.  The  density 
follows  from  the  equation  for  a  perfect  gas.  Curves  for  the  temperature  and  the  oxygen  concentration 
under  adiabatic. conditions  are  depicted  in  figure  1. 


2.4.2.  Equilibrium  composition  model  (model  2). 

In  this  model  it  is  assumed  that  the  infinitely  fast  reaction  is  not  restricted  to  only  a  reaction 
surface,  but  does  occur  in  the  whole  field,  both  for  forward  and  backward  reactions.  This  results 
in  a  local  equilibrium  composition,  governed  by  the  local  equivalence  ratio  related  to  the  mixture 
fraction  and  the  local  enthalpy.  In  this  case  it  is  not  possible  to  obtain  a  straight  forward  rela¬ 
tion  between  the  relevant  properties  (e.g.  the  temperature)  and  the  mixture  fraction  and  enthalpy. 
To  avoid  this  difficulty  the  following  procedure  has  been  adopted  [  14  ]  .  A  two-dimensional  mapping 
has  been  made  of  all  relevant  thermodynamic  and  chemical  properties:  temperature  T,  density  p, 
viscosity  U,  and  mass  fractions  Y^,  Y^,  Y^,  Y^,  Y^,  Y^,  Y^,  and  YQ. 

Using  a  least  square  method,  this. mapping  has  been  fitted  in  Chebyshev  double  polynomials: 
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in  which  h*  and  Y*  denote  normalised  values  of  h  and  Y_,  whereas  T.  denotes  a  Chebyshev  polinomial  of 
f  £1 

degree  i  and  I  and  J  have  values  up  to  eight. 

Equation  (5)  represents  an  efficient  instrument  for  the  calculation  of  the  equilibrium  conditions, 
when  the  recurrence  relations  for  Chebyshev  polynomials  are  used.  However,  in  the  iterative  procedure 
to  solve  the  finite  difference  form  of  the  partial  differential  equations,  mentioned  before,  a  much 
more  economical  prodecure  is  employed  by  making  use  of  the  mentioned  two-dimensional  mapping  employing 
bilinear  interpolation.  Also  in  this  case  calculated  curve  a  of  T  and  Y  are  given  in  figure  1  for 
adiabatic  conditions.  2 

It  should  be  noted  that  the  temperature  sharply  decreases  at  the  rich  side  of  the  stoichiometric 
point;  the  decrease  coincides  with  an  increase  in  Y„  and  Y„_ . 

**2 


2.4.3.  Partial  equilibrium  composition  model  (model  3). 


In  figure  1  experimental  data  obtained  from  mass  fraction  profiles,  measured  in  attached  turbulent 
natural  gas  diffusion  flames  [  14  ]  are  also  reported.  From  these  results  it  appears  that  the  equili¬ 
brium  composition  assumption  gives  temperatures  that  are  too  low,  while  the  frozen  composition  tem¬ 
peratures  are  much  too  high.  More  surprising,  however,  are  the  molecular  oxygen  curves.  Theoretically 
the  O2  mass  fraction  at  fuel  rich  condition  (Yf  >  0.071)  should  be  essentially  zero  both  in  the  frozen 


and  the  equilibrium  condition  and  even  taking  into  account  the  unmixedness  the  highest  value  for 

Y  to  be  expected  below  near  stoichiometric  conditions  (Y.  =  .11)  is  1.5%,  whereas  values  beyond  5% 
C>2  £ 

are  measured. 

Obviously  nearly  all  fuel  (mainly  CHi*)  is  consumed,  but  due  to  the  short  residence  time  in  the  flame 
front  only  part  of  the  O2  has  reacted,  resulting  in  high  CO  en  H2  mass  fractions. 

Behind  the  flame  front  the  further  reaction  of  O2  is  apparently  suppressed  and  a  frozen  composition 
is  found  but  with  a  finite  O2  mass  fraction. 

The  reason  for  the  quenching  lies  in  the  fact  that  in  hydrocarbon  flames  O2  mainly  reacts  with  H 
radicals,  and  as  shown  by  BULAU  a.o.  (  18  ]  the  OH,  H  and  0  radicals  effectively  almost  fully  recom¬ 
bine  for  $  >  1.65  (Yf  >  .088). 


To  take  these  effects  into  account  a  partial  equilibrium  hypothesis  is  introduced,  stating  that 
oxygen  in  the  fuel  rich  region  does  not  react  and  so  gives  a  constraint.  The  other  species  concen¬ 
trations  and  the  temperature  have  been  calculated  based  on  an  equilibrium  assumption  with  the  con¬ 
straint  O2  concentration.  In  figure  lb  this  hypothesis  is  illustrated  by  a  straight  line  tnrough  the 


measured  data  points  and  gives  a  value  at  Y^  =  Y ^ 


st 


of  Y„  =4%. 
02 


The  calculated  equilibrium  temperature  curve  following  from  the  quenched  equilibrium  hypothesis, 
using  this  Y  constraint,  is  drawn  in  figure  la  and  is  seen  to  compare  favourable  with  the  measured 
data.  °2 

On  behalf  of  further  flame  calculations  the  most  relevant  species  and  thermodynamic  properties  were 
calculated  for  quenched  equilibrium  conditions  as  function  at  the  enthalpy  and  the  mixture  fraction, 
and  also  transformed  in  Chebychev  polynomials  in  the  way,  explained  in  section  2.4.2: 


2.5.  Nitrogenoxide  formation  model. 

In  diffusion  flames  it  is  often  assumed  that  most  of  the  nitrogenoxide  is  found  by  high  temperature 
reaction  between  oxygen  and  nitrogen  molecules  and  atoms.  This  so-called  thermal  NO  formation  is 
usually  based  on  the  Zeldovich  mechanism,  with  reaction  rate: 

YN2(V  Y  (Y  ) 

*N0  <V  =  2kz  p  ^  eX*  <-  V**Yf»  (6) 

with  k  =  lO.11,1^  and  E  =  37.5.103,  M.,  and  denote  the  molecular  weights. 
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The  atomic  oxygen  mass  fraction  may  be  calculated  either  by  the  assumption  of  chemical  equilibrium 
between  molecular  and  atomic  oxygen  for  the  frozen  chemistry  models  or  by  using  equations  like  (5) 
for  the  equilibrium. chemistry  models. 

In  calculations  for  natural  gas  diffusion  flames  we  found  that  especially  for  the  equilibrium  models 
the  calculated  thermal  NO  mass  fraction  was  much  smaller  than  the  measured  NO  mass  fraction.  This 
may  indicate  that  1  super  equilibrium'  oxygen  concentration  (see  2.4.3)  play  a  role.  Another  possible 
explanation  is  'prompt  NO',  often  neglected  in  diffusion  flames  studies.  As  'prompt  NO*  is  formed 
only  inside  the  reaction  2one  a  frozen  flew  composition  description  for  calculating  the  additional 
formation  of  thermal  NO  can  be  used.  To  test  this  last  assumption  measured  NO  mass  fractions  in  at¬ 
tached  natural  gas  diffusion  flames  are  plotted  against  the  mixture  fraction  in  figure  2.  This  has 
been  done  for  several  values  of  both  the  Froude  number  (Fr  =  u2/gD,  with  burner  velocity  u  and  burner 
diameter  D,  representing  the  influence  of  buoyancy  forces  on  the  flame  and  the  Damhdhler  number  (Da  = 

(D/u)/t  ,  with  t  as  a  critical  combustion  time,  chozen  here  to  be  5.10  s,  the  characteristic  blow- 
c  c 

out  time  of  a  homogeneous  reactor),  representing  the  influence  of  shear  on  the  reaction  process.  From 

figure  2  it  is  clear  that  a  correlation  between  Y,„  and  Y  does  exist.  The  "too  low"  experimental  NO 

NO  x 

values  on  the  fuel  richside  can  be  explained  by  the  fact  that  'prompt  NO'  is  partly  preceeded  by  HCN 
[  25  J ,  not  measured  here.  The  higher  values  of  NO  for  fuellean  mixture  can  be  explained  by  the  in¬ 
fluence  of  additional  thermal  NO.  The  introgenoxide  mass  fraction  at  the  stoichiometric  Yg  value 


(xNQ  =  38  ppm)  compares  well  with  the  'prompt  NO'  concentrations  measured  in  premixed  stoichiometric 


hydrocarbon  flames  [  19  ) .  The  thin  line  in  figure  2  drawn  tin  ough  the  full  circles  represents  a 
slightly  lifted  flame  (X^gn/D  =  3.5).  It  is  clear  that  in  this  case  the  constrained,  unreacted  oxygen 

did  not  produce  NO  and  the  correlation  mentioned  above  and  drawn  in  figure  2  has  to  be  changed,  using 
the  Yf  value  of  the  ignition-point.  In  the  following  calculations  both  the  thermal  NO  formation  and 


the  frozen  flow  'prompt  NO'  contribution  have  been  determined  and  added  to  give  a  total  NO  mass 
fraction. 


2.6.  Probability  formulation  of  the  mixing  process. 

The  usefulness  of  >.  probability  description  of  flames  is  illustrated  by  figure  )a  where  small  fluc¬ 
tuations  in  Yf  around  the  stoichiometric  value  result  in  large  fluctuations  in  temperature,  especi¬ 
ally  in  the  case  of  the  equilibrium  models.  By  reverse  it  is  evident  that  momentary  temperatures  can 
be  much  higher  than  the  average  temperatures,  resulting  e;g.  in  instantaneous  reaction  rates  that  are 
orders  of  magnitude  higher  than  those  based  on  the  average  temperature. 

Time  average  flow  properties,  the  spatial  distributions  of  which  prescribed  by  equation  (1),  can  be 
reaveraged  as  moments  of  the  probability  density  function  (PDF)  governing  the  time  dependent  behavi¬ 
our  of  the  observed  property.  When  a  gaussian  PDF  is  assumed  the  first  and  second  moment  of  the  PDF 
(representing  the  mean  value  and  the  root  mean  square  value)  completely  determine  the  PDF.  In  our 
calculations  such  an  assumption  has  been  made  for  the  PDF  of  the  mixture  fraction;  the  fact  that  Yf 
can  not  be  lower  than  the  oxidant  value  or  higher  than  the  fuel  value  being  taken  into  account  by  r 
the  use  of  a  clipped  gaussian  shape,  following  LOCKWOOD  e.a.  (20  J  .  From  the  PDF  for  the  mixture 
fraction,  P(Yf),  the  PDF  for  the  temperature;  P(T)  can  simply  be  derived  by  putting: 

P(T) |dT|  -  P(Yf) |dYf|  (7) 


The  contributions  to  P(T)  above  and  below  the  stoichiometric  value  of  Yf  have  to  be  added.  In  figure 

3  measurements  of  P(T)  in  natural  gas  diffusion  flames  [  15  ] ,  around  the  stoichiometric  reaction  zone 
are  shown  and  compared  with  the  results  of  calculations.  Each  calculated  curve  is  based  on  16  points, 

(smoothed  histograms,  being  composed  of  16  bars)  obtained  by  using  calculated  Yf  and  Yf  12  (■*  Y^‘) 

values  and  assuming  a  clipped  gaussian  PDF.  Also  here  it  is  clear  that  the  partial  equilibrium  flow, 
gives  the  better  results  by  imposing  a  certain  upper  temperature  limit  (T  ~  1900  K)  much  lower  than 
the  adiabatic  value  (T  *  2210  K) . 

Using  equation  (5)  representing  the  combustion  models  and  a  Schwab-Zeldovlch  coupling  function  be¬ 
tween  h  and  [21  ] :  h  =  6 ( Yf )  and  assuming  that  the  Lewis  number  unity,  the  mean  concentrations  for 

the  chemical  properties  can  be  defined  by; 

_  1 

Yi-  /  Yj_  <8(Yf),  Yf)  P(Yf)  dYf  (8) 


with  i  =  (>2 ,  h'2,  CHt,,  H2O,  H2,  CO,  CO2  and  O.  The  same  procedure  is  followed  for  the  physical  pro¬ 
perties  T,  p  and  u  and  for  the  ‘prompt  N0‘,  where  the  linear  relation  drawn  in  figure  2  (thick  line) 

has  been  applied  to  determine  Y  (YJ . 

no  r 

The  formation  of  thermal  NO  is  governed  by  the  averaged  source  term  (6) ; 

_  1 

*NO  =  /  *NO  (V  P(V-  dYf  (9) 

o 


source  terms  for  the  four  flux  models  are  formulated  as: 


_  1 

ekT“  =  /  ek  <Yf)  T1*  (Yf )  P(Yf)  dYf  and 
o 


♦ 


(10) 


\  =  I1  \  <V  P(V  dYf 

o 

In  (9)  and  (10)  it  is  anticipated  that  the  temperature,  density  and  concentration  dependencies  can  be 
expressed  in  a  mixture  fraction  depencency. 

2.7.  Solution  procedure. 

To  solve  differential  equations  represented  by  equation  (1)  and  table  I,  these  equations  are  ex¬ 
pressed  in  finite  difference  form  and  solved  by  the  algorithms  for  the  elliptic  case  and  the  pa¬ 
rabolic  case  as  given  in  respectively  [  22  ]  and  [  23  ] . 

The  calculations  for  the' elliptic  case  were  performed  with  a  20  x  20  nodes  grid  geometry.  The  number 
of  iterations  required  to  reach  the  convergion  criterion  defined  in  [  22  ]  was  300  in  the  case  of 
isothermal  confined  flow.  For  the  free  jet  diffusion  flame  with  a  simple  model  for  the  absorbtion  and 
emission  coefficients  it  reached  600  and  for  the  case  of  more  elaborate  radiation  constants,  up  to 
1000.  This  same  number  of  iterations  was  required  for  confined  combustion  calculations.  The  use  of  a 
combustion  model  led  to  an  increase  of  necessary  computing  time  per  iteration  with  a  factor  of  two 
compared  with  isothermal  flow  calculations.  The  elaborate  radiation  model  led  to  an  increase  with  a 
factor  of  tnree.  The  parabolic  scheme  for  the  free  jet  diffusion  flames  calculation  was  two  orders  of 
magnitude  faster  than  the  elliptic  scheme  however. 

3.  RESULTS  AND  COMPARISON  WITH  EXPERIMENTS 

From  the  previous  paragraphs  concerning  the  combustion  models  and  the  introduction  of  the  PDF  it  is 
clear  that  the  mixture  fraction  and  its  fluctuations  play  an  important  role  in  the  calculation  pro¬ 
cedure  . 

Mostly  the  stoichiometric  value  of  the  mixture  fraction  is  small  (natural  gas:  Y.  -=>0.071)  which 
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means  that  small  variations  in  the  gradient  slope  of  the  axial  Y^  profiles  result  in  large  variations 

in  the  predicted  temperature  curves.  Confinement  and  recirculation  strongly  influence  the  accuracy  of 
the  prediction  of  the  mixture  fraction  field  and  therefore  the  elliptic  program  was  first  tested  for 
isothermal  confined  jets.  Subsequently  unconfined  diffusion  flames  have  been  calculated  with  both  the 
parabolic  and  the  elliptic  program  in  order  to  test  the  accuracy  of  the  latter  program  and  the  in¬ 
fluence  of  the  grid  arrangement,  and  for  the  comparison  of  the  combustion  models  with  experiments.  At 
last  comparison  is  made  between  furnace  calculations  and  measurements. 

3.1.  Confined  isothermal  jet  calculations. 

To  verify  the  equations  that  govern  the  mixture  fraction  and  its  fluctuations  in  a  confirmed  flow  we 
decidid  first  to  compare  calculations  in  isothermal  flow  with  measurements.  The  only  available  expe¬ 
rimental  results  in  confined  Jet  flow  providing  information  about  the  mixture  fraction  and  its  fluc¬ 
tuations  are  those  of  BECKER  [  5  ]  ,  [  6  1 ,  [  16  ]  . 

The  results  also  concern  detailed  measurements  of  the  mean  flow  pattern  and  the  static  wall  pressure. 
The  data  have  been  obtained  in  a  cylindrical  duct  (.197  m  diameter,  1.25  m  length,  smooth  wall),  in 
the  center  of  which  an  air  jet  initial  velocity  u  ,  (uniform  profile,  6.35  mm  diameter)  was  situated, 
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surrounded  by  a  secondary,  uniform  ground  stream  (velocity  uw  Q) . 

The  calculations  have  been  carried  out  for  different  combinations  of  primary  and  secondary  velocities, 
yielding  Craya-Curtet  numbers  of  1.22,  .673,  .345  and  .212.  These  numbers  correspond  to  flow  patterns 
with  increasing  recirculation.  The  ct  number  is  defined  as: 

Ct  °  uc/u*  ,  with  u*2  °  u  2  -  (u2  +  u2)/2, 

to  of  w,o  f 

where  u  and  u2  are  the  area-averaged  velocities  [  5  ] ,  and  u*2  can  be  regarded  as  a  measure  of  the 
non-uniformity  of  the  momentum  flux  distribution  at  the  ir.let. 

The  ducted  flow  can  be  regarded  as  being  devided  into  three  regions:  a  region  of  jet  growth,  a  re¬ 
circulation  zone,  and  post- jet  mixing  zone.  This  becomes  particularly  clear  from  the  axial  profiles 
of  u  /(u-u  )  and  Y  /(Y.-Y.  )  given  in  figure  4  and  6,  wnere  u,  and  Y„  refer  to  the  ground  stream. 

The  relation  between  the  reciprocals  of  mixture  fraction  and  velocity  and  the  axial  distance  is 
lineair  in  the  jet  growth  region,  whereas  the  curves  bend  steeply  upwards  in  the  final  region.  Here 
the  ground  stream  velocity  tends  to  the  velocity  at  the  axis.  Especially  for  lower  Ct  numbers  there 
is  a  good  agreement  between  calculated  and  measured  data.  The  changes  in  mixing  regime  are  also  well 
represented  in  the  static  pressure  profile  (figure  5)  where  the  position  of  the  sudden  increase  in 
pressure  corresponds  with  the  eye  of  the  recirculation  zone.  However,  the  absolute  values  of  the 
pressure  rise  are  conspiciously  high  in  comparison  to  the  measured  results,  indicating  that  over¬ 
prediction  of  wall  friction  or  internal  friction  in  the  recirculation  zone  does  possible  occur.  It 
should.be  noted  that  the  pressure  rise  does  sensitively  depend  on  the  profile  of  the  nozzle  flow, 
here  assumed  to  be  essential  uniform.  Similar  overpredictions  of  the  pressure  are  aiso  reported  by 
KANG  e.a.  [  10  ]  using  the  same  method  in  confined  flows  with  comparable  Ct  numbers. 

The  post- jet  mixing  behaviour  is  mainly  characterised  by  the  mixture  fraction  fluctuations;  some 
results  are  depicted  in  figure  7.  Beyond  the  recirculation  zone,  i.e.  when  the  jet  has  readied  the 
wall,  the  production  of  fluctuations  diminishes  and  dissipation  results  in  their  decrease. 

This  is  reproduced  in  the  calculations  for  the  lower  Ct  numbers,  allthough  the  maximum  predicted 
fluctuation  intensity  at  low  axial  distances  are  higher  than  those  measured  by  BECKER  [  30  1  .  Measu¬ 
rements  in  free  jets  by  Haberda  show  a  better  agreement.  For  the  lower  Ct  numbers  investigated  the 
maximum  influence  of  the  mixture  fraction  fluctuations  on  the  temperature  field  can  be  expected  to 
occur  in  the  reaction  zone  around  Y  considering  the  combustion  model  that  vas  applied.  For  natural 

gas,  Y,  =  .071,  corresponds  with  x/D,  >  15;  in  this  region  the  predictions  are  fairly  correct. 
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For  the  highest  Ct  number  the  axial  profile  of  mixture  fraction  fluctuations  is  not  influenced  by  the 
confinement  and  resembles  the  calculated  profiles  in  free  jets  using  the  same  set  of  partial  diffe¬ 
rential  equations  as  in  table  I  but  in  a  parabolic  form  [  17  ]  ,  [  24  ) .  In  the  last  case  the  value  of 
on  the  axis  is  only  slightly  smaller  than  the  value  of  .227  obtained  here. 

3.2.  Free  jet  diffusion  flames. 

In  order  to  validate  the  combustion  models  described  before,  we  decided  to  compare  calculations  for 
the  relatively  simple  turbulent  diffusion  flame  with  detailed  measurements  concerning  the  temperature, 
mass  fractions,  velocity  and  radiation  field  in  such  flames.  For  the  comparison  a  vertical  natural 
_2 

gas  flame  with  D  =  10  m,  uq  =  20  m/s,  Re  =  14S00,  Fr  =  3900  and  Da  =  21  was  selected;  because  of 

both  the  considerable  shear  stress  and  buoyancy  in  this  flame  no  local  laminarisation  of  the  flame 
front  is  to  be  expected. 

3.2.1.  Influence  of  the  numerical  method. 

The  numerical  predictions  for  the  flame  have  been  obtained  in  two  ways:  using  a  parabolic  flow  program 
and  using  a  elliptical  program,  with  respectively  a  20  x  25  and  a  21  x  30  grid  arrangement.  The  axial 
and  radial  grid  locations  have  been  chosen  finely  distributed  around  the  burner,  both  with  a  node 
density  for  grid  II  two  times  higher  than  for  grid  I. 

Presumably  in  this  region  the  grid  II  is  smaller  than  the  turbulent  macrolentgh  scale  whereas  it  is 
slightly  larger  in  grid  I.  The  results  indicate  that  an  underprediction  of  the  production  of  turbu¬ 
lence  fellows  from  the  larger  grid  spacing.  The  outer  radial  grid  point  (the  wall)  is  situated  at  a 
distance  of  .5  m  from  the  burner.  Here  a  secondary  flow  with  a  velocity  of  .2  m/s  is  assumed  in 
combination  with  zero  wall  gradients.  Varying  these  assumptions  within  reasonable  limits  did  not 
influence  the  flame  structure. 

The  mean  axial  temperatures' calculated  with  combustion  model  2  and  the  different  numerical  schemes 
are  presented  in  figure  8.  The  coarse  grid  I  obviously  leads  to  a  slower  mixing  process  than  the 
finer  grid  II,  resulting  in  a  stoichiometric  mixture  and  a  maximum  temperature  further  downstream. 

Using  grid  II  leads  to  an  upstream  shift  of  this  point  both  for  the  elliptic  and  the  parabolic 
scheme.  By  combining  the  parabolic  and  the  elliptic  scheme  in  an  additional  calculation  it  was  shown 
that,  the  influence  of  the  grid  spacing  was  mainly  restricted  to  the  region  between  the  burner  mouth 
and  x/D  =>  5.  Using  the  results  of  the  fine  grid  parabolic  scheme  in  this  point  as  initial  values  for 
coarse  grid  elliptic  scheme  calculations  further  downstream  brought  the  position  of  the  maximum 
temperature  within  10%  from  the  position  obtained  with  a  completely  fine  grid  calculation.  The 
proceeding  results  show  that  for  turbulent,  diffusion  flame-like  combustion  processes  (free  jet  flow 
or  confined  flow  with  a  large  Ct  number)  a  carefull  choise  has  to  be  made  for  the  grid  location  in 
high  intensity  mixing  zones.  Grid  spacings  as  given  for  grid  II  have  been  used  for  all  the  following 
combustion  calculations, 

3.2.2.  Influence  of  the  combustion  model. 

With  the  fine  grid  spacing  the  diffusion  flame  defined  before  has  been  recalculated  with  the  frozen 
composition  and  the  partial  equilibrium  combustion  model.  The  predicted  temperature  profiles,  velo¬ 
city  and  mixture  profiles  both  using  the  parabolic  and  elliptic  computation  scheme  are  presented  in 
figure  9  and  figure  10  and  are  compared  with  experimental  data  obtained  with  respectively  micro¬ 
thermocouples  (diiueter  20  urn) ,  a  laser-dopplor  anemometer  and  a  detailed  gaschromatographic  analysis 
T 15  ] .  Experimental  probability  density  functions  for  the  temperature,  compared  with  calculated  Values 
:‘or  the  equilibrium  and  the  partial  equilibrium  model  were  shown  earlier  in  figure  3.  For  the  tempe¬ 
ratures  the  agreement  between  calculation  and  experiment  is  very  good  for  both  the  equilibrium  and 
the  partial  equilibrium:  however  the  last  model  is  to  be  preferred  because  of  the  better  agreement  in 
PDF  values.  The  difference  in  temperature  predicted  by  subsequently  the  elliptic  and  the  parabolic 
computational  scheme  as  shown  in  figure  9  for  the  equilibrium  composition  model  is  small  and  is  also 
typical  for  calculations  using  the  other  combustion  models.  The  main  conclusion  to  be  drawn  from 
figure  9  is  that  the  frequently  applied  frozen  composition  model  leads  to  an  unrealistic  short  flame 
length  and  too  high  a  maximum  temperature.  Considering  also  figure  3  (and  figure  16)  the  partial 
equilibrium  model  appears  to  be  more  realistic  than  the  equilibrium  model. 

From  figure  9  further  a  small  shift  in  the  position  of  the  predicted  flame  front  given  by  the  maximum 
temperature  is  observed  in  comparison  with  the  experimental  data.  This  is  possibly  caused  by  inpei- 
feotions  in  the  turbulence  model.  However,  optimalisation  of  tho  chosen  turbulence  constants  is 
omitted. 

The  axial  profiles  for  velocity  and  mixture  fraction  presented  in  figure  10  show  the  mutual  devia¬ 
tions  between  the  distinct  numerical  procedures  and  combustion  models  to  be  rather  small  for  these 
quantities.  The  difference  between  measurements  and  predictions  is  much  larger,  however,  particularly 
near  the  burner.  The  cause  being  that  the  flame  was  lifted  to  a  height  of  x/D  =  9  above  the  burner 
mouth.  The  agreement  further  down  stream  stems  from  the  enhanced  mixing  by  buoyancy  forces,  these 
causing  high  axial  velocities  around  the  maximum  temperature  region.  Predictions  with  a  somewhat  more 
elaborate  oombuscioh  model,  designed, a. o.  to  predict  ignition,  are  depicted  in  figure  10  by  the 
curves  c.  The  agreement  is  very  good  for  both  the  velocity  and  mass  fraction;  the  temperature  curves 
as  presented  in  figure  9,  do  not  change,  in  the  new  model.  More  details  on  the  improved  combustion 
model  will  shortly  be  published,  after  completion  of  its  development. 

3.2.3.  Radiation  prediction. 

Allthough  the  radiant  heat  transfer  in. the  diffusion  flame  investigated  is  relatively  small  it  provides 
an  opportunity  to  test* the  various  radiation  models. 

Experimental  data  obtained  with  the  Shell  radiation  pyrometer  [  15  ]  are  given  in  figure  11  together 
with  predictions  using  the  equilibrium  and  partial  equilibrium  combustion  models  and  various  radiation 
models.  For  the  simple  one  gray  gas  model  (a^  =  0.4)  gave  a  higher  (radial)  radiative  heat  transfer 

than  the  partial  equilibrium  model-  reflecting  the  fact  that  the  maximum  temperatures  are  higher  for 
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the  equilibrium  model  {see  figure  3) .  The  maximum  value  of  the  measured  radiative  heat  flux  lies 
between  the  two  predicted  values.  The  predictions  based  on  the  IFRF  correlation  (111  ]  ,  3  gray/1 
clear  gas,  verified  for  natural  gas  only)  show  good  agreement  with  the  measurements.  However,  the 
computing  time  using  this  correlation  was  much  higher,  while  the  improvement  of  the  prediction  was 
smaller  than  the  influence  of  the  combustion  model.  Therefore  the  simple  radiation  model  was  pre¬ 
ferred  for  subsequent  furnace  calculations. 

3.2.4.  Pollutants  prediction. 

The  calculation  of  NO  formation  is  devided  in  'prompt  NO*  formation  and  'thermal  NO'  formation  in  the 
manner  discussed  before.  The  'prompt  NO'  values  are  given  separately  in  figure  12  and  appear  to  be 
fairly  independent  of  the  combustion  model  used.  However,  as  shown  in  figure  2,  lifting  of  the  flame 
(equivalent  to  pre-mixing!)  influences  the  NO  concentration.  So,  using  the  improved  combustion  model 
(section  3.22),  to  estimate  the  lift  of  the  flame,  calculations  of  prompt  NO  concentrations  have  been 
made  both  for  the  lifted  and  the  attached  flame.  The  results  show  that  in  the  attached  flame  the 
maximum  prompt  NO  concentration  is  found  well  inside  the  fuel  rich  part  of  the  flame;  in  both  flames 
Y,  is  reached  at  x/D  =  80.  For  the  lifted  flame,  however,  the  maximum  prompt  NO  concentration 
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occurs  near  the  stoichiometric  point,  as  does  the  maximum  NO  concentration. 

The  thermal  NO  profiles  calculated  for  the  different  combustion  models  are  also  shown  in  figure  12. 
They  reflect  the  important  influence  of  the  temperature  on  the  NO  formation.  The  thermal  NO  formation 
in  the  frozen  composition  and  the  equilibrium  model  is  suostantial ,  because  in  these  models  the 
adiabatic  combustion  temperatures  can  be  reached.  However,  the  measured  results  from  figure  3  indica¬ 
te  that  the  low  thermal  NO  profiles  obtained  with  the  partial  equilibrium  model  must  be  considered  as 
being  the  most  reliable.  Addition  of  the  preferred  'thermal  NO'  and  'prompt  NO’  profiles  leads  to  a 
total  NO  profile  comparing  fairly  well  with  the  profile  measured  with  the  chemoluminescent  method 
[ 15  ) .  The  shift  to  the  richer  part  of" the  calculated  profile  compared  with  the  measurements  might  be 
due  to  the  fact  that  part  of  the  'prompt  NO'  is  decomposed  to  HCN,  not  measured  here.  However,  it  is 
more  likely  that  the  flame  is  simply  some  10  0  shorter  than  the  predicted  one.  A  similar  shift  is 
also  reflected  in  the  temperature  profile  in  figure  9  (curves  a  and  b) . 

The  identified  importance  of  'prompt  NO'  i3  largely  in  accordance  with  the  results  obtained  by  TAKAGI 
e.a.  [  28  ]  ,  in  propane  diffusion  flames.  In  most  other  investigations  the  role  of  the  'prompt  NO'  is 
wrongly  overlooked. 

3.3.  Cyllndersymmetrical  furnace  calculations. 

To  test  the  models  for  furnace  applications  we  U3ed  the  extensive  experimental  data  obtained  in  the 
Delft  furnaces  equipped  with  a  newly  designed  central  air  burner  (CAB)  [  29  J  .  The  CAB  was  designed  to 
combine  a  stable  combustion  process,  with  easy  dual  fuel  burning  and  low  NO  formation.  The  basic  idea 
is  that  introduction  of  the  gas  through  an  annulus  around  a  cylindrical  airjet  leads  to  a  small 
effective  hydraulic  diameter  of  the  gasflow  and  consequently  to  flames  with  a  short  reaction  zone,  a 
low  residence  time  in  the  reaction  zone  and  a  low  total  NO  formation.  Calculations  were  made  to  test 
this  hypothesis.  Moreover  several  additional  calculations  have  been  made  using  central  gas  burners 
(CGB)  in  order  to  investigate  the  influence  of  scaling  up  of  the  furnace  on  NO  formation. 

3.3.1.  CAB  calculation  and  measurement. 

The  CAB  calculations  concerned  a  CAB,  burning  Groningen  natural  gas  with  a  capacity  of  .75  MW,  at  an 
overall  equivalence  ratio  of  .98,  and  producing  a  flame  essentially  attached  to  the  burners. 

The  main  dimentions  of  the  system  are:  primary  air  stream,  diameter  95  mm,  width  of  annular  gas  slot 
6  mm,  furnace  diameter  0.6  m,  length  of  (horizontal)  furnace  5  m.  The  walls  of  the  furnace  are  cooled 
to  about  350  K  by  means  of  water. 

Gravity  effects  have  been  neglected  because  no  influence  of  buoyancy  was  detected  in  the  experiments. 
The  initial  velocity  profiles  are  not  known,  but  aerodynamic  resistances  (wire  mesh  in  the  gas  flow, 
perforated  plate  in  the  air  flow)  are  applied  to  make  them  uniform.  The  furnace  walls  (estimated 
emmislvity  =  .8)  are  water  cooled  and  have  been  assumed  to  be  smooth;  the  short  chimney  at  the  end  of 
the  furnace_is  replaced  by  sudden  enlargement,  for  reasons  of  simplicity. 

Following  GUNTHER  [  32  )  we  define  the  radiative  heat  transfer  in  the  furnace  with  the  dimensionless 
m  h 

THRING  number:  Th  =  —  ■  ,  where  m  is  the  mass  flow,  h  the  specific  enthalpy  for  a  stoichiometric 

qrc  c 

natural  gas-air  mixture,  (h  =  2.8  MJ/kg) ,  S  is  the  furnace  wall  surface  and  q  the  radiative  heat 

c  rc 

flux  calculated  with  the  adiabatic  flame  temperature  of  natural  gas  with  a  emissivity  a  =  .4  (q  = 
.53  MW/m2) .  The  THRING  number  is  often  referred  to  as  the  reduced  firing  density;  in  our  case  rc 
its  value  amounts  to  .3. 

For  the  convective  heat  transfer  and  for  similarity  in  the  gas  flow  the  CRAYA-CURTET  number,  defined 
before,  and  the  burner  Reynolds  number  have  been  applied  as  similarity  parameters,  following  KANG 

e.a.  I  29  J  .  The  numerical  values  are  Ct  =  .18  and  Re.  =  2.10s  (Re.  refers  to  the  air  flow). 

b  b 

The  axial  temperature  and  NO  mass  fraction  profiles  together  with  experimental  data  are  presented  in 
figure  13.  The  substantial  difference  between  the  predicted  and  measured  temperature  profiles  thereby 
suggesting  an  unrealistic  forward  position  of  the  flame.  The  two  combustion  models  as  such  lead  to 
limited  differences  in  the  predicted  temperatures. 

It  has  often  be  observed  that  the  pyrometer  tends  to  stabilize  the  flames,  presumably  due  to  the  2.5 
cm  diameter  suction  pyrometer  used  for  the  temperature  measurements. 

As  for  the  calculated  NO  mass  fraction  profiles  agreement  results  between  the  results  of  the  partial 
equilibrium  model  and  the  measured  Y^  profile  is  striking,  apart  from  the  axial  shift  mentioned 

earlier.  The  calculated  thermal  NO  contribution  is  very  small  (  >  1  ppm  for  the  partial  equilibrium, 
and  <  3  ppm  for  the  equilibrium  model;  consequently  nearly  all  NO  predicted  is  due  to  'prompt  NO') . 

The  differences  in  the  temperature  profiles  are  reflected  in  the  predicted  heat  flux  profiles  at  the 
furnace  wall  (see  figure  14),  most  notably  downstream  of  x/Df  =  3.  However,  for  both  combustion 

models  the  total  local  heat  flux  corresponds  fairly  well  with  the  measured  values  (determined  with  an 
accuracy  of  ±  3%  from  the  heat  balance  of  the  water,  cooling  the  distinct  wall  segments). 


The  rp suits  of  separate  measurements  of  the  radiative  heat  flux,  using  an  ellipsoidal  pyrometer  and 
the  predicted  radiation  are  depicted  in  the  lower  curves  of  figure  14.  The  discrepancy  between 
measured  and  calculated  radiative  heat  fluxes  is  not  clear  and  is  possibly  due  to  an  incorrect  angle 
dependent  sensitivity  of  the  used  pyrometer. 

The  large  contribution  of  the  convective  heat  transfer  to  the  total  heat  transfer  particularly  near 
the  maximum,  should  be  noted. 

The  double  peaked  value  of  the  total  heat  flux  found  with  the  partial  equilibrium  model  is  due  to  two 
peaks  in  the  convective  heat  transfer  curve.  From  these  and  other  calculated  data  it  appears  that  the 
dip  in  the  heat  transfer  curve  as  x/Df  =  3  occurs  at  some  distance  beyond  the  end  of  the  recircula¬ 
tion  zone.  This  position  corresponds  well  with  the  end  of  the  recirculation  zones  that  was  calculated 
to  be  situated  between  x/Df  =2-3  for  isothermal  flow  and  Ct  =  .212  -  .675  (figure  5). 

The  first  peak  can  be  traced  back  near  the  point  of  reattachment  to  a  high  value  of  the  turbulent 
kinetic  energy.  This  higher  turbulent  level  leads  to  heat  transport  to  the  wall.  The  second  peak  is 
due  to  the  maximum  in  the  temperature  of  the  gas  near  the  wall,  occurring  some  distance  beyond  the 
reattachment  point  in  this  case. 

Further  support  of  the  reliability  of  our  predictions  of  the  excessive  heat  transfer  around  the 
recirculation  zone  was  obtained  from  experimental  data  of  KRALL  e.a.  [30  ] .  Calculations  for  a  geo¬ 
metry  similar  to  his  experimental  setup  .and  at  Ct  number  within  the  experimental  range  (.25  -  .66) 
resulted  in  the  same  sharp  increase  in  heat  transfer  in  the  recirculation  zone  as  observed  [  31  ] . 

The  quantitative  agreement  between  Krai  Vs  measurements  and  our  predictions  was  satisfactory,  in¬ 
dicating  that  the  calculation  method  is  well  founded. 

3.3.2.  Influence  of  furnace  size  on  NO  formation  and  flame  length. 

Because  the  prediction  method  of  NO  and  the  wall  heat  transfer  has  been  shown  to  give  realistic 
results  for  smaller  furnaces,  some  scouting  calculations  were  made  to  test  its  applicability  for 
larger  furnaces  dimensions  and  furnace  loads.  The  calculations  were  restricted  to  the  vertical 
cylinder  symmetrical  open  ended  furnace. 

The  similarity  parameters  were  kept  constant  at  Ct  =  .18  and  Th  =  3;  these  values  being  chosen 

because  of  their  frequent  occurence  in  real  furnaces. 

As  for  the  burners  tha  primary  gas  flow  diameters  were  taken  at  .03,  .09  and  .27  m,  and  the  burner 
loads  at  1.9,  17.1  and  155  MW.  The  overall  equivalence  ratio  was  taken  equal  to  .96  and  the  gas 
velocity  equal  to  75  m/s  in  all  three  cases.  The  corresponding  burner  Re  numbers  are  2.10s,  18.10s 
and  160.10s.  The  velocity  in  the  annular  streams  of  air  surrounding  the  cylindrical  gas  stream  was 
set  at  25  m/s. 

The  predicted  mean  'thermal  NO1,  'prompt  NO'  and  'total  NO',  concentrations  at  the  furnace  outlet  are 
given  in  figure  15.  The  furnace  size  is  characterized  by  the  parameter  D^/i^  (Dh  =  hydraulic  diameter 

of  gas  flow,  =  m»an  flow  velocity  at  the  burner);  for  the  geometrially  similar  furnaces  considered 

this  parameter  is  proportional  to  the  residence  times  of  the  gas  in  the  flame  zone  and  in  the  furnace 
as  c  whole.  Relating  the  parameter  to  the  chemical  reaction  rate  yields  the  earlier  defined  Damkdhler 
number. 

From  the  results  it  can  be  concluded  that  for  the  burner  and  furnace  dimensions  investigated,  most  of 

_2 

the  NO  formed  is  'prompt  No'.  However,  D,/*^  >  1.5  10  ,  which  corresponds  to  Da  >  200,  the  'thermal 

NO'  formation  becomes  dominant. 

The  calculated  flame  length,  being  defined  as  the  distance  between  the  burner  mouth  and  the  point 
were  the  maximum  temperature  is  reached  and  nearly  all  fuel  has  been  burned,  is  shown  in  figure  16 
and  compared  with  several  data  obtained  from  the  scarce  literature. 

The  flame  length  for  large  vertical  enclosed  diffusion  flames  might  become  a  more  important  parameter, 
in  the  future  due  to  the  tendency  to  build  more  furnaces  using  bottom  fired  large  diffusion  flames. 
With  an  ensemble  of  these  slender  well  defined  times  it  is  easier  to  exploit  the  available  furnace 
volume  optimally,  than  with  strongly  swirling  flames  [  34  ] . 

It  is  clear  from  figure  16  that  the  calculations  show  the  same  trend  as  the  measurements  quoted  by 

GUNTHER  (  32  ]  and  NIEPENBURG  (  34  ] .  Vet  the  predicted  flame  lengths  are  considerably  larger;  this  may 

be  due  to  the  fact  that  weak  swirl  is  often  applied  in  the  measured  practical  flames.  The  calculated 

data  points  can  be  matched  with  the  correlation; 

•  o  5  * 

L  =  . 21(Q)  ’  ,  where  L  stands  for  the  flame  lengths  (in  m)  and  Q  is  the  burner  load  (in  MW). 

CONCLUSIONS 

From  the  presentee  comparisons  between  measurements  ans  calculations,  a  number  of  pertinent  conclusions 
can  be  drawn. 

1.  Out  of  the  presented  combustion  models  for  natural  gas  diffusion  flames,  the  so-called  partial  equili¬ 
brium  composition  model  gives  the  best  general  agreement  between  theoretical  and  experimental  results. 

2.  The  equilibrium  composition  model  might  be  satisfying  for  the  prediction  of  the  mean  flow  and  tempera¬ 
ture  field,  but  it  predicts  too  large  temperature  fluctuations  and  too  high  instantaneous  temperatures; 
consequently  it  is  less  suitable  for  estimating  the  temperature  dependent  NO  formation. 

3.  The  freouently  used  frozen  composition  model  clearly  leads  to  erroneous  results. 

4.  It  can  be  expected  that  the  partial  equilibrium  conditions  depend  on  the  turbulent  stretch  in  the  figw, 
but  measurements  in  natural  gas  flames  with  different  stretch  levels  [  15  ] ,  characterized  by  Da  =  2-200, 
reveal  that  in  practical  diffusion  flames  the  influence  of  stretch  is  very  small.  Because  of  the  nigh 
hydrocarbon  content  of  Groningen  natural  gas,  it  can  be  anticipated  that  these  conclusions  are  gene¬ 
rally  valid  for  hydrocarbon  flames. 

5.  Further  it  is  found  that  the  thermal  NO  formation  in  non-preheated  hydrocarbon  flames  is  relatively 
small,  particularly  for  the  small  and  medium  size  hydrocarbon  flames  used  in  experimental  studies.  On 
the  contrary  the  contribution  of  prompt  NO  is  particularly  relevant;  its  formation  is  satisfactory 
modelled  in  our  study. 


6.  When  /‘nterpreting  NO  data  in  diffusion  flames  one  has  to  be  carefull  when  dealing  with  lifted  flames. 
In  that  case  the  NO  mass  fraction  profiles  in  the  fuel  rich  region  derived  from  prompt  NO  formation 
can  be  changed  completely,  due  to  premixing  with  air. 

7.  Taking  into  account  mixture  fraction  fluctuations,  calculations  using  the  k-e-turbulence  model  have 
been  made  for  isothermal  furnace  flows;  the  results  were  found  to  be  in  general  agreement  with  expe¬ 
rimental  data  (5,  6  ]  .  Subsequent  furnace  calculations  show  a  very  good  agreement  between  measurements 
and  calculations  for  the  NO  mass  fraction  and  the  total  wall  heat  transfer. 

8.  Further  the  calculations  lead  to  the  conclusion  that  in  the  slender  cylindrical  furnaces  investigated, 
characterised  by  Th  =  .3,  Ct  =  .18  and  Re^  =  2105,  the  contribution  of  convective  heat  transfer  domi¬ 
nates  in  the  total  wall  heat  flux  particularly  in  the  recirculation  zone. 

9.  The  parameter  study  finally  shows  that  the  applied  numerical  technique  is  well  suited  for  the  predic¬ 
tion  of  the  influence  of  furnace  size  and  proportions  on  such  quantities  as  NO  formation,  flame  length 
and  heat  transfer.  However,  further  validation  of  the  method  is  required  in  this  field. 
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NOMENCLATURE 

SUBSCRIPTS 

C 

,  c,  ,  c„ 

constants  in  turbulence  model 

b 

burner 

£1 

f  D 

,2  rl,2 

e 

effective 

D 

diameter  t 

f 

furnace  or  duct 

E 

wall  function  parameter 

fu 

fuel 

E 

z 

action  energy 

ox 

oxidant 

f 

variable 

i 

chemical  species 

S 

gravitacion  constant 

k 

gray  gas 

h 

stagnation  enthalpy 

o 

inlet  condition 

h 

c 

mixture  averaged  heat  of  reaction 

st 

stoichiometric 

K 

wall  function  constant 

w 

wall 

k 

pre-oxponental  factor 

z 

DIMENSIONLESS 

NUMBERS 

k 

turbulent  kinetic  energy 

L 

flame  length 

Ct 

Craya-Curtet  number 

Da 

DankOhler  number 

M 

molecular  weight 

Fr 

Froude  number 

m 

mass  flow 

Re 

Reynolds  number 

P 

pressure 

Th 

Thring  number 

6 

thermal  load 

0 

Prandtl  number 

4r 

radiation  wall  heat  flux 

Rk, 

r 

< 

radiation  heat  flux  in  r  and  x  direction 

r 

radial  distance 

r 

stoichiometric  fuel-oxygen  mass  ratio 

S 

furnace  wall  area 

T 

temperature 

Ti 

chebyshev  polynomial  of  order  i 

u 

velocity 

^0 

characteristic  velocity  in  Ct 

V 

V 

o 

averaged  velocity  over  furnace,  burner  area 

v* 

F 

averaged  square  velocity  over  furnace  area 

V 

radial  velocity 

W 

reaction  rate 

X 

axial  distance 

X 

mole  fraction 

Y 

mass  fraction 

vf 

mixture  fraction 

square  of  mixture  fraction  functions 

\ 

absorption  coefficient 

ek 

emmission  coefficient 

e 

turbulent  kinetic  energy  dissipation 

* 

equivalence  ratio 

u 

viscosity 

p 

density 

a 

Stefan-Boltzmann  constant 

T 

c 

characteristic  reaction  time 

TABLE  I  PHYSICAL  QUANTITIES  TO  BE  SUBSTITUTED  IN  CONSERVATION  EQUATION  (1) 


Quantity 


$ 


U‘S> 


s 


$ 


Mass 

1 

p 

0 

O 

Axial  momentum 

u 

p 

0e 

v  .  3ux  13  .  3v. 

~3x  0e  3x  +  7  3r  (wer 

.  SB. 

3x 

+  pg 

X 

Radial  momentum 

V 

p 

ve 

3  ,  3u.  1  3  ,  3v. 

3x  <pe  3r  r  3r  (V  Sr* 

-  2  p 

v  3p 

e  7^  "  8r 

Turbulent  kinetic 
energy 

k 

p 

ok 

Gkl  -  06 

Dissipation  rate 

e 

p 

ue 

°e 

f  (CelGkl  -  Cc20e) 

»> 

-  1.  1.  - 

Stagnation 

enthalpy 

h 

p 

e 

% 
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TABLE  II  COMPILATION  OF  MODEL  CONSTANTS 
Fuel  constants: 

Slochteren  natural  gas  (vol.  %)  CHi,  -  81.3,  Ng  -  14.4,  C2Hg  -  2.9  +  higher  hydr. 

r  =  13.07 

Turbulence  constants: 

C  ,  =  1.40,  C  .  =  1.92,  e  =  .09,  C_.  =  2.8,  C„  =  2.0,  K  =  ,.40,  E  =  9.0 
el  e2  D  ii  i2 

Prandtl  numbers: 

o.  =  1.0,  o  =  1.3,  o,  =  .7 
k  e  9 


TABLE  III 

Grid  location  in  the  case  of  grid  I  and  II  from  figure  8. 

Radial  grid  locations  grid  I: 

r/D  =  0.0,  0.25,  .50,  .75,  1.,  1.5,  2.5,  4.6,  5.5,  7.0,  9.0,  11.,  13.,  17.,  21., 
25.,  2S. ,  33.,  37.,  41.,  44.,  47.,  49.,  50. 

Raclial  grid  locations  grid  II: 

r/D  =  0.0,  .125,  .25,  .50,  .75,  1.0,  1.25,  1.8,  2.2,  2.7,  3.3,  4.0,  4.8,  5.5, 
7,0/  8.4,  10.1,  12.0,  14.4,  17.2,  20.6,  24.7,  29.7,  35.6,  40.6,  45.6,  48.5, 

49.5,  I/1  - 


a.  frozen  composition  (f  c.) 
b  partial  equilibrium  comp, (pec.) 
2000  -  c'  *{5uil*br'um  composition  (ec.) 
Natural  gas  exp  o 
Re  =3600.  Fr  =1250. 

Do  =  13,4.  D:S.«10-3m 


a2  a  4  o.6  as 


fig.  la.  Theoretical  temperature  as  a  function  of  the  mixture  fraction  for  different  combustion  models 
and  experimental  data  obtained  in  a  attached  diffusion  flame  (dashed  line3  give  the  estimated 
influence  of  unmixedr.ess) . 


o  frojtn  composition  (f.c.J 
b  portiol  oquIUbrl’jm  composition  (p  *  c.i 
c  equilibrium  composition  (o.c.) 

Natural  gas  tsp. 

R«  Fr  Do  D(m! 
o  3600.  1250. 13.4, 5.810-3  (rod.  prof.) 

A  3600,  1250,13.*, 5,810-1  (o»  prof,) 

»  S650,  130,  50, 3000-3 
.  8500,  70.170,3010-3 
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fig.  lb.  Theoretical  oxygen  mass  fraction  as  a  function  of  the  mixture  fraction  for  different  combustion 
models  and  experimental  data  obtained  in  attached  diffusion  flames  (dashed  lines  give  the 
estimated  influence  of  urmixedness) . 


Theoretical  prompt  NO  mass  fraction  as  a  function  of  the  mixture  fraction  for  a  frozen  compo¬ 
sition  prompt  NO  chemistry  (maximum  prompt  NO  level  =  38  ppm)  compared  with  experimental  data 
obtained  in  diffusion  flames.  Dashed  curve  gives  the  estimated  influence  of  unmixedness. 


Calculated  axial  decay  of  the  mixture  fraction  fluctuations  in  ducted  isothermal  jets  (x/D  ) 
and  in  free  jets  (x/D),  compared  with  measurements.  f 
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fig.  8.  Calculated  axial  temperature  profiles  for  a  free  turbulent  diffusion  flame  U3ing  both  a  para¬ 
bolic  flow  and  an  elliptic  flow  finite  difference  scheme.  Also  the  influence  of  modifications 
in  initial  profile  and  grid  arrangement  are  given  (axial  grid  locations  represented  by  dots 
and  radial  grid  locations  as  given  in  table  III) . 


fig.  9.  Calculated  axial  temperature  profiles  for  a  free  jet  diffusion  flame  using  a  frozen  composition, 
equilibrium  or  partial  equilibrium  composition  combustion  model,  compared  with  measurements. 
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fig.  14.  Measured  and  calculated  radiative  and  total  wall  heat  flux  distribution  at  the  furnace  wall 
of  an  axisymmetrical  natural  gas  fired  furnace  (central-air  burner) . 


Natural  gas 
Ct  :.te,  Th  =.3 
o  total  NO  concentration 
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fig.  15,  Calculated  influence  of  (cylindrical)  furnace  size  on  prompt  NO,  thermal  NO  and  total  NO 

concentration.  Furnace  dimensions  proportional  to  burner  diameter.  Furnace  size  characterised 
by  time  parameter  D^/u^  (D^  =  hydraulic  diameter  of  entering  gas  flow) .  The  point  with  lowest 

thermal  NO  concentration  represents  the  central-air  burner  calculation. 


fig.  16.  Correlation  between  burner  load  and  flame  lenght  for  vertical,  cylindrical,  natural  gas  fired 
furnaces,  and  some  experimental  data. 
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DISCUSSION 


H.Eickhoff,  Ge 

Did  you  measure  and  predict  CO-concentrations  also?  If  so,  how  well  do  they  agree  and  especially  what  is  your 
highest  predicted  CO-concentration? 

Author’s  Reply 

The  maximum  CO  mass-fraction  predicted  with  the  partial  equilibrium  composition  model  is  about  3%,  a  value 
that  compares  well  with  the  measured  maximum  CO  mass-fractions.  CO  mass-fractions  calculated  with  the  frozen 
composition  model  are  very  low,  while  CO  mass -fractions  calculated  with  the  equilibrium  model  can  reach  much  too 
high  values,  up  to  10%. 


N.Petere,  Ge 

Let  me  first  congratulate  you  for  this  well  documented  piece  of  work.  Also  I  would  like  to  comment  on  the 
relatively  large  oxygen  values  that  you  find  on  the  fuel  rich  side  of  the  flame.  I  would  think  that  this  is  rather  due 
to  turbulence  effects  than  to  quenching.  In  a  comment  to  Janicka’s  and  Kollmann’s  paper  it  was  noted  that  the 
fuel  ncli  shift  of  NO-production  could  be  attributed  to  turbulence.  I  believe  that  a  similar  reasoning  could  be 
applied  to  the  oxygen  shift. 

Author’s  Reply 

In  the  first  instance  we  have  also  tried  to  explain  the  too  high  oxygen  mass-fractions  on  the  fuel  rich  side  with 
turbulence  smearing  out,  or  better  unmixedness.  When  we  take  into  account  turbulent  intensities  of  the  mixture 
fraction  at  the  fuel  rich  side,  reaching  a  value  of  about  45%  as  calculated  with  the  finite  difference  technique,  we 
also  obtain  much  too  low  values  of  the  oxygen  mass-fraction,  as  depicted  in  Figure  lb  by  the  dashed  line  above  c. 
Also  we  found  high  CO  and  H2  mass-fractions  up  to  respectively  3%  and  .3%  mainly  in  the  fuel  rich  side,  which 
indicates  that  there,  incomplete  reaction  has  to  take  place.  The  chosen  partial  equilibrium  model  predicts  well 
also  these  mass-fractions. 


M.N’.na,  Po 

Couk.  you  give  some  details  on  how  the  calculation  scheme  accommodates  for  the  height  of  the  lifted  f<amc  base. 
Author’s  Reply 

As  noted  in  the  paper  the  height  of  the  lifted  flame  base  chosen  in  Figure  10  is  deduced  from  experiments.  However 
a  procedure  has  been  worked  out  and  presented  before1  to  calculate  this  height  in  the  calculation  scheme.  With 
this  procedure  we  were  able  to  reproduce  the  measured  values  acturatelv. 

1 .  Paauw,  Th.T.A.  Use  of  the  Well  Stirred  Reactor  Concept  for  the  Prediction  of  Flame  Stablization, 

Bakker,  R.  4th  Members  Conference,  IFRF,  Paper  1 5,  Noordwykerhout  (1976). 
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riODELISATICN  MATHEMATIQUE  DU  FONCT I ONNEMENT 
DES  CHAUDIERES  DE  CHAUFFAGE 

E.  PERTHUIS,  Iugduleur  Principal  "Techniques  d 'Applications  Energdtiques" 

INSTITUT  FRANCAIS  DU  PETROLS,  1  et  4  avenue  de  Bois  Prdau,  92506  RUEXL  MALMAISON,  France 


Le  module  mathd^iilque  prdsentd  ici  a  pour  but  de  ddcrire  les  phd- 
nom&nes  rdgissant  le  fonctiu:'ner,enc  d'une  chaudifere,  et  d'dtudier  leur  6vo' 
lution  en  fonction  des  param&tres  pratiques  d 'exploitation. 

On  peut  simuler  le  fonctionneraent  d'un  appareil  donnfi  opdrant  en 
regime  continu  ou  disccntinu. 

Le  calcul  permet  d'estimer  1' influence  qu'auront,  sur  les  perfor¬ 
mances  de  la  chaudlfcre,  des  paramhtres  tels  quo  :  quality  du  calorifugeage, 
fraction  de  charge,  rdglages  du  brQleur,  rdglage  du  dlffdrentlel  de  1 'aquas 
tat.,..  On  peut  dgalement  prdvoir  l'ordre  de  grandeur  de  la  consommation 
d'entretien,  caractdristique  particulihrement  difficile  A  determiner  sur 
plate-forme  d'essais. 
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SYMBOLES  GEKERAUX 


A  aire 

a  dpaisseur  d'une  paroi 

CW  chaleur  spdcifique  du  fluide  caloporteur 

EXC  (ou  e)excds  d'air 
H  coefficient  de  transfert 

h  coefficient  de  convection 

k  coefficient  de  conductivity  thermique 

puissance  calorifique  au  brOleur 

P  puissance  utile  de  la  chaudifere 

Pa  pertes  par  les  fumSes 

P1  pertes  par  les  parols 

pP  gression 

d)  (ou  DQ )  ddbit  calorifique 
T  (cu  t)  temperature  absolue  (ou  Celcius) 
temperature  adiabatique  de  flamme 
volume 

masses  en  eau  dchangeur,  foyer 
variation  d'enthalpie 
facteur  d.nissif 
rendement 

constante  de  Stephan-Boltzmann 


vad 

HE,  WF 
AH 
£ 

•n 

<7 


Indices 

c  rdgime  continu 
d  rfiglme  discontinu  (cyclique) 
F  foyer 

f.  fumdes  dvacudes 


INTRODUCTION 
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En  France,  la  consommation  des  produits  pdtroliers  destines  au  chauffage  domestique  et  4  la  pro¬ 
duction  de  I'eau  chaude  sanitaire  est  de  l'ordre  de  21  MTEP.  C'est  un  secteur  oft  de  substantielles  econo¬ 
mies  d'dner^le  peuvent  Stre  obtenues  tant  par  1 'agencement  des  bUtiments  que  par  le  choix  judicieux  et 
1 'exploitatj on  optimale  des  gdndrateurs  de  chaleur. 

La  trbs  grande  majority  des  installations  fonctionnent  en  regime  intermittent  dit  "tout  ou  rien". 
La  puissance  nominale  de  la  chaudibre  dtant  calculde  pour  rdpondre  aux  besoins  des  pdriodes  les  plus  froi- 
des,  11  en  rdsulte  que  sur  une  saison  de  chauffe  (correspondant  en  aioyenne  4  220  jours/an),  I'appareil 
peut  n'avoir  fonctionnd  qu'entre  20  et  30  %  du  temps.  Or,  pendant  les  pdriodes  d'arrbt,  I’eau  de  chauffa¬ 
ge  est  maintenue  en  temperature,  ce  qui  provoque  des  pertes  paridtales  relativement  plus  importantes  dans 
les  pdriodes  de  mi-saison  que  dans  les  pdriodes  de  fort  chauffage.  II  en  rdsulte  que  le  rendement  annuel 
d 'exploitation  du  gdndrateur  sera  d'autant  meilleur  que  l'dcart  entre  sa  puissance  nominale  et  les  besoins 
thermiques  reels  sera  faible,  et  que  les  perles  par  les  parois  seront  rdduites. 

Ceci  revSt  une  importance  particulibre  dans  le  cas  des  maisons  individuelles  :  des  etudes  entre- 
prises  par  les  socldtds  pdtrolibres  avant  la  crise  de  1973  avaient  ddj4  montrd  que  les  chaudibres  en  ser¬ 
vice  dtaient  en  gdndral  trbs  nettement  surpuissantes  par  rapport  aux  besoins,  et  que  cette  surpuissance 
provoquait  une  degradation  des  rendementa  d'exploitation. 

Pavmi  les  formes  d'action  envisagdes  depuis  lors,  pour  promouvoir  1 'amelioration  des  installations 
de  petite  puissance  alimentees  au  Fuel-Oil  Domestique,  la  profession  ddcida  entre  autres  choses  d'dtudier 
le  fonctionnement  des  unites  de  chauffage  non  plus  en  regime  permanent  bien  stabilise  comme  il  est  procddd 
au  cours  des  essais  normalises,  mais  dans  des  conditions  aussi  voisir.es  que  possible  de  celles  effective- 
ment  rencontrdea  chez  les  usagers. 

Dans  le  cadre  de  l'lnstitut  Franqais  du  petrole,  une  etude  cooperative  coordonnde  par  1 'Union  des 
Chambres  Syndicates  de  1 'Industrie  du  Pdtrole  et  regroupant  les  principales  Socldtds  Pdtrolibres,  fut 
entreprise  en  1973-74  avec  les  objectifs  suivants  : 

1/  Etudier  sur  un  certain  nombre  de  pavilions  les  besoins  rCels  en  chauffage  et  les  consommatlons. 

2/  Procdder  4  des  essais  sur  plateformes  de  chaudibres  de  petite  puissance,  representatives  du  pare 
existant, 

3/  Ddgager  les  techniques  permettant  de  rdduire  les  sur-consommations  engendrdes  par  le  fonctionnement  4 
charge  par  tie  lie. 

4/  Etabllr  un  modble  mathdmatlque  cald  4  partir  des  essais  effectuds  en  laboratoire,  et  simulant  le  fonc¬ 
tionnement  des  chaudibres.  Ce  modble  devalt  Stre  un  instrument  de  travail  mis  4  la  disposition  des  cons- 
tructeurs  pour  leur  permettre  une  mlse  au  point  raplde  de  leurs  fabrications,  en  dlimlnant  un  certain  nom¬ 
bre  d'essais  longs,  fastldleux  et  ondreux. 

Les  rdsultats  de  cette  Etude  cooperative  ont  dtd  publids  par  ailleurs  [»]■  [*]■ 

L'objet  de  la  prdsente  communication  est  d'exposer  les  prlnclpes  du  modble  mis  au  point  4  I.F.P., 
et  d'illustrer  son  emploi  par  quelques  exemples  caractdristiques. 

Rappelons  que  si  de  nombreuses  etudes  concernant  la  moddlisation  des  gdndrateurs  de  chaleur  ont 
dtd  effectudes  dans  le  domaine  du  chauffage  industriel,  trbs  peu  ont  fitd  consacrdes  au  domaine  du  chauffa¬ 
ge  domestique.  Les  quelques  travaux  disponibles  dans  la  gamme  des  puissances  s 'dchelonnant  entre  15  et 
quelques  centaines  de  kW,  concernent  essentiellement  l'dtude  experimental  et  la  simulation  mathdmatlque 
des  transferts  de  chaleur  dans  des  chambres  de  combustion  4  parois  froides  pour  des  fonctionnements  continus 
stabilises  [3],  [4], 

I  -  PRESENTATION  DU  HODELE 


Le  modble  a  pour  but  de  ddcrire  les  phdnombnes  rdgissant  le  fonctionnement  d'une  chaudibre,  et 
d'dtudier  leur  evolution  en  fonction  de  diffdrents  parambtres  physiques  intdressant  la  conception  et  Sex¬ 
ploitation  du  gdndrateur  tels  que  :  rdglage  du  brQleur,  dtat  d'isolation  des  parois  externes,  rdglage  de 
1 'aquastat. . . 

Dans  la  version  prdsentde  lei,  ce  modble  est  destind  aux  chaudibres  de  chauffage  4  eau  chaude 
de  petite  puissance  alimentdes  au  fuel-oil  domestique  ou  au  gaz  naturel. 

II  comprend  deux  parties  essentielles,  permettant  de  simuler  respectivement  le  fonctionnement 
d'un  appareil  donnd  en  regime  continu  et  en  rdgime  discontinu.  Dans  son  principe,  le  modble  est  prdalable- 
ment  "cale!,  sur  un  point  de  fonctionnement  experimental  obtenu  au  banc  d'essais  ou  sur  site  en  rdgime 
continu.  A  partir  de  ce  calage  initial,  on  peut  alors  estimer  par  le  calcul  1 'influence  qu'auront  -sur  les 
performances  de  la  chaudibre-  la  qualitd  du  calorifugeage,  la  charge,  l'excbs  d'air,  le  rdglage  de 
1 'aquastat . 

Ecrite  en  FORTRAN  IV,  la  simulation  comporte  trois  programmes  distincts  nomads  CALAGE,  CONTIN  et 
SIMULCH.  Les  deux  premiers  se  rapportent  au  fonctionnement  continu,  le  dernier  au  fonctionnement  disconti¬ 
nu  d'une  chaudibre. 

1.2.  Simulation  du  fonctionnement  continu 

1.2.1.  Hypothbses_de_base 

La  chaudibre  est  schdmatisde  sur  la  figure  1.  Elle  est  assimilde  4  deux  dldments  distincts  :  le 
.foyer  et  l'dchangeur. 

L'eau  rehtre  par  le  foyer  4  TE  et  sort  par  l'dchangeur  4  TB,  sous  le  debit  massique  QW. 

Dans  chacun  de  ces  deux  elements,  les.  gaz  de  combustion  ont  des  propridtds  horaogbnes  et  une  tempe¬ 
rature  uniforne  caractdrisda.par  TGF  dans  le  foyer  et  TGE  dans  l'dchangeur.  Ndanmoihs,  les  temperatures  de 
"transfert"  Tech  (sortie  foyer)  et  Tf  (sortie  chaudibre)  peuvent  §tre  diffdrehtes  des  temperatures  "effec¬ 
tives"  TGF.et  TGE. 
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Dans  le  foyer ,  les  transferts  entre  gaz  et  parols  s'opArent  par  rayonnement  et  convection.  S'il  y 
a  un  briquetago,  celui-ci  est  traits  corame  un  mur  adlabatique  retransmettant  le  rayonnement  incident  par 
dif fusion-rddmission. 

Dans  1‘dchangeur,  les  transferts  thermiques  s'opArent  uniquement  par  convection.  On  considAre 
que  cetdldment  se  comporte  comme  un  ftchangeur  "mdthodique"  gaz-eau. 


Les  parols  de  la  chaudlAre  se  partagent  entre  surfaces  humides  et  surfaces  sAches.  Suivant  la 
nature  des  fluides  prdsents  de  part  et  d'autre  d'un  dldment  de  paroi,  et  suivant  1 'emplacement  de  ce  der¬ 
nier,  on  distingue  les  6  cas  ci-aprAs  : 


Parois  humides 


1  -  parol  type  gaz-eau  dchangeur  (GEE) 

2  -  gaz-eau  foyer  (GEF) 

3  -  eau-air  dchangeur  (EAE) 

4  -  eau-air  foyer  (EAF) 


5  -  paroi  type  gaz-air  dchangeur  (GAE) 

6  -  |  gaz-air  foyer  (GAF) 


Parois  sAches 

Les  ,-arois  externes  en  contact  avec  l'air  ambiant  peuvent  §tre  ou  non  munies  d'un  calorifugeage. 


Les  flux  de  chaleur  DQ  et  les  coefficients  d'dchange  H  correspondant  A  ces  situations  sont  symbo- 
llsds  sur  la  figure  2-. 


1.2.2.  Transferts  thermigues  dans  le  foyer 

Le  foyer  est  traitd  suivant  la  mdthode  dite  du  "foyer  isotherme",  dont  la  thdone  est  due  A 
HOTTEL  [5]. 

a/  Bilan  dnergdtique  du  foyer 

La  puissance  calorifique  QF  transmlse  A  la  surface  de  captation  A}  s 'exprime  sous  deux  formes  tra- 
duisant  respectivement  : 


lc  bllan  calorifique  des  gaz  de  combustion, 


QF 


Pi  -  H 


Tech 


(1) 


le  bilan  des  transferts  par  rayonnement  et  convection 
®1  •  •  •  <Tgf  “  Tl)  +  Alhl(Tl 


QF 


GF 


V 


(2),  ,  , 

—  /  /  ‘  * 

Le  terrne  GSi  caractdrise  une  "aire  dquivalente"  d'dchanges  par  rayonnement,  dont. la  valeur  est 

calculde  A  partir  de  dor.udea  gdomdtriques  propres  au  foyer  (surface  de  captation  Aj,  surface  rdfractaire 
Ar,  facteur  d'angie  Frj  entre  Ar  et  Ap ,  des  facteurs  dmissifs  des  gaz  eg  et  de  la  surface  de  captation  tj. 

On  a,  pour  un  to,er  A  2  zones  de  surfaces  A^  et  Aj  i 


1 


avec 


tg.Aj 


Ar/Al 


■*r T  to 


(3) 


r  +  • 


'  g)Fri 


^  Pour  ddcrlre  uumeriquement  le  facteur  dmlssif  Eg,  on  se  base  sur  les  travaux  de  JOHNSON  et  BEER 

[bj  effectuds  A  la  Fond,.,; ion  de  Recherches  Internationales  sur  les  flammes  (FRIF). 

La  formulation  repose  sur  ia  fait  qu'on  reprdsente  le  facteur  dmissif  c„  du  milieu  gazeux  "rdel" 
aoame  fetant  la  somme  por.ddrde  des  facteurs  dmissifs  Eg}y,  de  n  composants  gazeux  fictifs  "gris"  rayonnant 
sous  ? 'dpaisaaur  caractdristique  L.  Avec  les  auteurs,  on  adopte  ici  n  ■  3,  et  on  pose  : 

Cl  a8,n[1-eXP-  (’KnL)]  <*> 

Le  facteur  da  ponddration  ag)n  ddpend  de  in  tempdrature  effective  des  gaz  foyer  TGF  par  une  rela¬ 
tion  de  la  forme  : 


g.n 


b,  +  b. 
l,n  2,n 


TGF 


Le  coefficient  a'extinctioh  Fy,  est  la  sorame  des  coefficients  relatifs  A  la  uuie  et  aux  "gaz  clairs" 
CO2  et  HoO.  La  valeur  est  calculable  A  partir  de  la  pression  partielie  du  mdlange  (CO2  +  H2O)  connue  par 
I'excAs  d'air,  et  de  la  concentration  moyenne  eh  particules  de  suie  des  gaz  foyer,  qu'il  faut  estimer  d'aprAs 
1’expdriehce  acquise  sur  les  flammes  de  diffusion.- 

Toutes  les  constantes  numdriques  permettant  d'entrer  dans  (4)  sbnt  tlrdes  de  la  rdfdrenee  [«]• 
suivant  la  nature,  du  .combustible  (produit  pdtrolier  liqui.de  ou  gaz  nature)  riche  en  mdthane). 

Quant  A  1  'dpaisseur  caractdristique  de  rayonnement  L,  elle  est  ddflnie  d'aprAs  la  relation  de 


HOTTEL 


L  =  3,5 


VF 


Le  coefficient  de  convection  hj  A  introduire  dans  (2)  ne  peut  s'obtenir  pratiquement  que  par 
1 'expdrience.  En  nous  basant  sur  des  travaux  effectuds  antdrieuremant  A  1‘I.F.P.  sur  des  foyers  etpdrimen- 
taux?[7j,  oh  a  pu  dtablir  ,1a  relation  empirique-  •• 


QS  dtaht  une 


hj^CW/m2.  K)  =  25,6  ,£l  -  exp,  (-  QS/1000) 


(5) 


e  Vitesse  masslque  spdcifique  (kg/h.m2)  des. gaz  dans  le  foyer. 

Pour  tenir  cdmptede  involution  du  coefficient  de  convection  hj  avec  la  tempdrature,  on  a  utilisd 
les  travaux  de  GANAPATHY  ^8],  et  lhtrodiiit  dans  (5)  un  terrne  correctif  tel  que  l'expression  finale  de  hj 


22-5 


devienne  : 


h4  =  26,4  £l  -  exp.  (-  QS/1000  J  |l  -  exp.  (-  2,6.  jj  (6) 


La  resolution  simultande  des  equations  (1),  (2)-  _  (6)  permet  d'obtenir  : 

-  la  puissance  calorifique  transmise  dans  le  foyer  QF,  done  le  rendement  de  ce  dernier 

F  =  VPi  5 

-  les  parts  respectives  du  rayonnement  et  de  la  convection  ; 

-  la  temperature  effective  des  gaz  foyer  TGF,  mais  a  condition  que  soit  connue  la  temperature 
Tech  des  gaz  quit tan t  le  foyer. 

C'est  cette  dernidre  valeur  experimentale  qu'il  faut  ndeessairement  fournir  pour  "caler"  prdala- 
blement  le  moddle  mathematique  sur  l'experionce.  Si  la  temperature  Tecj,  n'a  pu  dtre  mesurde,  on  pourra 
ndanmoins  poser  a  titre  d' approximation  : 

Tech  TGF  -  A  , 

A  dtant  gdndralement  comprise  entre  150  et  200°C. 


b/  Evolution  du  rendement  de  foyer 

En  aehors  des  conditions  d'exploitation  de  la  chaudidre  qui  ont  servi  au  calage  du  meddle,  il 
est  ndeessaire  de  savoir  estlmer  les  nouvelles  performances  du  foyer. 

A  cet  effet,  le  calcul  du  rendement  des  transferts  gaz-parois  7p  en  fonction  des  pnramdtres  de 
rdglage  du  brdleur  s'effectue  au  moyen  de  la  relation  de  correlation  de  type  universel  proposde  par 
HOTTEL  [5]  : 

_  _  *?'  D'  +xA  =  (1  -  *)'_  +  A')4  (7) 


avec  yj  '  p  =  Ip 


T  .  -  T 
ad _ o 


rrD'  +x 

(rendement  rdduit) 


,  (T  ,  -  T  ) 
ad  ad  o 


(densitd  de  feu  rdduit e) 


t  =  » —  (tempdrature  de  paroi  rdduite) 

ad 

A' =  — - —  (dcart  rdduit  des  tempdratures  des  gaz  foyer,  avec  la  mdme  valeur  deAque  celle  du  calage). 
ad 

La  tempdrature  adiabatique  de  combustion  Ta{j  se  calcule  simplement  A  partir  de  l'cxcds  d'air,  du 
pouvoir  calorifique  du  combustible  et  de  tables  enthalpiques  sans  tenir  compte  des  dissociations,  ce  qui 
est  icl  plausible  du  fait  des  exeds  d'air  pratiques  dans  les  chaudidres  de  chauffage  domestlque  (supdrieurs 
d  15-20  W.cTfcest  une  "alre  dquivalente  d'dchange",  calculable  d  partir  des  grandeurs  ffSj,  hi  et  TGF  ddfi- 
nies  prdeddemment  ! 

tft'0  GS^  +  Aj  .  t.  JL  m/'V  3 


4  cr  (Il±T£F)J 


En  fait,  en  dehors  des  conditions  de  calage  du  moddle  (CAL),  l’alre  equivalence  c/tn’est  pas  cal- 
culde  directement,  et  la  densitd  de  feu  D1  ndeessaire  pour  entrer  dans  (7)  est  estimde  d'aprds  laaelation 
de  proportionnalitd 

3 

r*  OAT  *1  #•  OA  I 


D «  =  fD'l  -Sffik 

L  J  CAL  ’  -CAL 


tCAL.  t 
ad  o 


La  tempdrature  X,  de  paroi  est  prdsurade  demeurer  constante  d'une  condition  d  l'autre  (de  l'ordre 
de  400°K  dans  une  chaudidre  d  eau  chaude). 

L'emplol  combine  des  relations  (7)  et  (8)  permet  alors  d'estimer  le  rendement  rdduit  7  'p  pour 
toute  condition  de  rdglage  du  brdleur  autre  que  la  condition  de  rdfdrence  ayai  t  servi  d  "caler"  le  moddle, 
d'oCi  l'on  tire,  les  nouvelles  valeurs  : 


-  du  rendement  des  transferts  gaz-paroi 

=  ’’f 


t  .  t 

ad  o 


-  de  la  puissance  calorifique  transmise  aux  parois 

Qp  =  pi  •  ^F 

-  de  la  tempdrature  des  gaz  ensortie  de  foyer  telle  que 


* -W; 


—  de  la  tempdrature  effective  de  foyei 


Tech  +  ACAL 


c/  Bilans  thermiques  relatlfs-d  I'eau  et  aux  parois -du  foyer 
Connaissant  Qp  et  Tgp,  on  se  propose,  de  calculer  : 

-  la -puissance  utile  transmise  A  I'eau  du  foyer  PUF, 

-  les  pertes  par  les  parois  humides  DQEAF  et  celles  par  les  parois  sdches  DQGAF, 

-  la  tempdrature  de  Ir'eau  quittant  le  foyer  TEF. 
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Cette  sequence  du  module  utilise  en  particulier  la  mdthode  de  calcul  prdconisda  par  la  Norme 
Beige  NBN  234  [9]  pour  1 'estimation  du  flux  de  chaleur  perdu  par  une  paroi  externe  de  la  chaudiAre  connais- 
sant  sa  temperature  superficielle  Tp  et  la  temperature  ambiante  T0.. 

Les  parois  sont  assimildes  A- des  resistances  thermiques  pures.  Pour  un  element  de  paroi  cotnpor- 
tant  n  couches  de  matdriaux  superposees  (dont  1  etant  le  metal  constitutif) ,  la  resistance  est  egale  A 
a 

E  — r— —  ,  a  .  etant  l'epaisseur  et  k  le  coefficient  de  conductivite  de  la  couche  de  rang  n. 
n  k  n  v  n 

n 

Les"  equations  de  base  rendent  compte  : 

-  de  la  quantite  de  chaleur  transmise  A  l'eau  : 

DQGEF  =  PUF  +  DQEAF  avec 

aVeC  PUF  =  CW  .  QW(TEF  -  TE)  (9) 

-  de  la  quan'itd  de  chaleur  totale  transmise  'dans  le  foyer  : 

QF  =  DQGEF  +  DQGAF  ( 10) 

A  ces  equations  sont  associees  des  relations  faisant  intervenir  les  coefficients  de  transfert  : 

-  entre  gaz  et  paroi  interne  HGF 

-  entre  paroi  et  aau  HEAU  (de  l'ordre  de  580  W/m^.K) 

-  entre  parol  externe  et  ambiance  HA. 

On  dcrlt  ainsi  : 


DQGEF  '*  Aj  .  HGEF  .  (TGF  -  ■  TE  ^  T-EF-)  (11) 

avec  1/HGEF  =  1/HGF  +  1/HEAU  +  (1  dpaisseur  de  mltal  c6td  foyer) 

DQEAF  =  .  ECHA  .  (_IL±JIE_  .  Tq)  (12) 


avec  1/ECHA  ■>  1/HA  +  1/HEAU  +  £a/k  (1  dpaisseur  de  metal  +  couches  dventuelles  de  calorifugeage) , 


Pi 


DQEAF  ,  T 

A,  .  HA  o 


et 


DQEAF  =  f(Tpl>  T0)  (13),  la  fonction  f  resultant  de  l'emploi  de  la  norme  Beige  HBN  234  mise  sous  forme 

analytique, 

etc. , , 

La  resolution  des  equations  (9),  (10),  (11),  (12)  ...  par  mdthode  iterative  permet  d'obtenir  si- 
multanement  les  valeurs  des  flux  de  chaleur,  des  coefficients  d'dchange  et  des  temperatures  de  parois,  et 
la  temperature  d'eau  qulttant  le  foyer  1EF. 


X . 2 . 3 .  Trans  ferts_thermi<[ue8_dans_1^6changeur 

L'dchangeur  est  suppose  opdrer  d'une  maniAre  "methodique"  entre  les  temperatures  de  gaz  Tech>  Tj, 
et  les  temperatures  d'eau  TEF,  TS  (voir  figure  1). 

Les  dcarts  de  temperatures  entre  l'eau  et  les  gaz  aux  deux  extrdmites  sont  caractdrisds  par  leur 
moyenne  logarithmique 


80' 


(T  .  r  TEF) 
ech  * 


(Tf,  -  TS) 


log. 


ech 


TEF 


Tf-TS- 


a/  Transfert  global  et. transfert  A  i!eau 

Le  transfert  entre  les  gaz  de  combustion  et  1 'ensemble  des  parois  internes  de  l'dchangeur  est  four- 
ni  par  le  bilan  enthalpique  : 

T 

Qech  =  |^AhJ  f  =  DQGEE  +  DQGAE  (14) 

JTech 

Quant  A  la  puissance  calorifique  transmise,  aux  parois  humides,  elle  est  telle  que  : 

DQGEE  =  A^.  .  HECH  .  88  ,  (15) 

A2  dtant  l'aire  de  captation  et  HECH  le*coef ficient  de  transfert  entre  gaz  et  eau. 

b/  Loi.de  variatiori  du coefficient d  'dchange  gaz-eau 

Oh  admet  que  HECH  est  lid  d'une  part  au  d6b.it  massique  Qg  des  gaz  de  combustion,  et  d'autre  part  A 
leur  tempdrature  effective  ddfihie  par  l'expression  : 

TGE  =  -  +  80  (16) 

Pour  tenir  compte  de  Involution  dueA  Qg,.on  s!est  basd  sur,  des  travaux  effectuds  A  1'IFP  sur  un  gd~ 
ndrateur  de  type  commercial  [lo],  Le  terme  cprrectif  dQ  .A.  la  .temperature  a  dtd  tird  des  travaux  de  GANAPATHY 
[8]  se  rapportant  A  des  dcoulements  gazeux  au  travers  des  nappes  de  tubes. 

Pour  des  conditions  de  fonctionnement  hors  =  de  cell-es,  du  calage,-  on  pose  ainsi 
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HECH  =  (HECH)cal  . 


(16) 


c/  Bilans  therm) guc3  relatlfs  £  l'eau  et  aux  parols  de  l'Achangeur 

On  Acrit  un  ensemble  d 'Equations  AnergAtlques  dont  la  resolution  par  mAthode  iterative  permet 
d'atteindre  : 

-  la  puissance  utile  transcise  &  l'eau  PUECH  | 

-  les  pertes  par  les  parols  humides  DQEAE  et  celles  par  les  parois  sAches  DQGAE  ; 

-  la  temperature  de  l'eau  en  sortie  de  chaudiAre  TS  ; 

-  la  temperature  des  fumees  evacuees  Tf. 

Aux  expressions  (14),  (15)-,  (16),  on  adjoint  ainsi  des  relations  du  type  : 


DQGEE  =  P.''ECH  +  DQEAE , 


avec  PUECH  =  CW  .  QW  (TS  -  TEF) 


,  __DQEAE_.  T 
p2  '  A,  .  HA  o  > 


DQEAE  =  £(Tp2,  T0),  la  fonction  f  resultant -comrne  pour  le  foyer- 


et 

de  1 'adaptation ,de  la  Norme  Beige  NBN  224. 


DOGAE  =  ECHA  .  A',  .  (TGE  -  T  ) 
2  o 

avec  1/ECHA  =  1/HGE  +  1/HA  +  £a/k 
et  1/HGE  =  1/HECH  -  1/HEAU  -  a/k 


etc. . . 


1.2.4.  Bilan  thermique  complet_de_la  chaudiAre 

Finalemont,  pour  un  6tat  d'isolation  donnA  dc  la  chaudiAre  ct  pour  des  conditions  d 'exploitation 
fixAes  telles  que  : 


on  obtient 


debit  de  combustible  QFUEL, 
excAs  d'air  e%, 
debit  d'eau  QW, 

temperature  d'entree  de  l'eau  TE, 
pour  le  foncclonnement  continu  les 
la  puissance  utile  de  la  chaudiAre 
le  rendement  utile  ■  Pu/Pi> 
la  temperature  d'eau  finale  TS 
la  temperature  des  fum6es  Tj  p  • 
les  pertes  par  les  fumees  Pf  =  AHg 


renseignements  pratiques  suivants  ! 
Pu  °  PUF  +  PUECH, 

Tf 

To 


-  l'analyse  detaiUAe  des  pertes. par  les  parois  sAches  et  Humides. 


1.2.5.  ModalitAs  pratiques  de  la  simulation  en  regime  continu 

La  simulation  du  fonctionnement  continu  fair  l'objet  de  d^ux  programmes  distincts  nommes  CALAGE 
et  C0NT1N. 

Le  premier  est  reserve  au  calage  .prAalable  du  modAle  sur  un  ou  plusleurs  rAsultats  d'expdrience 
acquis  sur  plateforme  d'.essais  ou  sur  site  .  Un  rAsultat  d'expArlence  reprdsente  une  "condition  de  referen¬ 
ce"  caractArlsAe  par  un  rAglage  de  brQleur  (debit  de  fuel  et  excAs  d'air),  une  puissance  utile  de  chaudiA- 
re,  une  temperature  d'Avacuatlon  des  f;um6es  et  une  temperature  des  gaz  de  combustion  A  1'entrAe  de  l'Achan- 
geur . 

Le  second  programme  exploite  une  condition  de  reference  prealablement  traitee  dans  le  premier, 
avec  le  double  object if  : 

-  de  fournir  une  analyse  d6talll6e  du  bilan  thermique, 

-  d'extrapoler  les  performances  du  gAnArateur  opdrant  sous  des  conditions  diffAi -ntns  de  celles  de 
reference. 


1.3.  Simulation  ..du.  fohctlbnriemeht  .dlsconfiriu 

Les  caiculs.  relatifs  A  cette  sequence- du  raodcle  font  l'objet  du  programme  SIMULCH, 

Le,  fonctionnement  discohtinu ^envisage  ici  est  provoquA  .par  l'aquastat  de  la  chaudiAre,  qui  opAre 
entre.2  seuils  de  temperatures  d'eau  fixes  pair  son  reglage  differehtiel. 

1.3.1.  Hypotheses -de  base 

.Pour  aimuler  la  charge  calorifique  "appelAe",  oh  agit  sur  le  debit  d'eau  QW  circulant  .dans  'a 
chaudiAre':  cette  maniAre.  de.  ptbcAder  est  la  plus.prpche  de  larAalitA,  ouen  general  l'eau  chaude  esc 
injectAe  dans  le  circuit  de- chauffage  par  l'intermAdiaire  d 'une  -vanne  3  voles  (figure  3). 

La  regulation  de  la  chaudiAre  s'opAre  en  "tout  ou  rien"  entre  les  niveaux  de  temperatures  d’eau 
affichAs  TS1  (rilveaj  bas,  correspondent  A  la-rethise  en  route  du  brflleur)  et  TS2  (niveau  haut,  correspondent 
A  la  coupure  dubrdleiir). 

A.  un  -  Instant  rdonne ,  1'Atat  du  mAlange.  gazeux  est  caractArise  par,  sa  temperature  effective  (T,F  dans 
le  foyer;  VGE  dans  il'Achangeur)  et  par  sa  masse  (iff  Satis  le  .foyer,  ME  dans  l'Achangeur). 

j  'Atat  d  u  Jf luide  caloporteur  es,t  .dAfini  par  .sa  temperature  moyetyne  (TEF  ou  TEE),  dans -chacun  des 
2  AlAment!  de  la,  .chaudiAre,.  les:  masses  eh>  ettu  ..correspondantes,' Atant  WF.etWE. 

Les  parois  de.  la  chaudiAre  sont  assimtlAes.  A  des  resistances  therwiques  pures.  Mats  en  principe, 
au.prix,  de  calcujis  beaucoup-plus  longs,  on  peut  dans  le,  programme  pre.ndre  en  compte  leur  inertie  thermique. 
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et  les  traiter  comme  des  murs  monodimentionnels. 


1.3.2.  Definition  des  coefficients  d'Achange  internes 

Pour  des  raisons  d'ordre  numArique,  on  esl  conduit  A  exprimer  tous  les  Achanges  entre  gat  et  eau 
par  deo  relations  linAaires  de  la  forme 


Q  =  H  .  A  .  (T 

g 


-  T 

eau 


) 


Tg  s 'apparentant  A  TGF  ou  A  TGE. 

Lorsque  le  brQleur  est  en  fonctionnement.  les  valeurs  des  coefficients  d'Achange  (HF  dans  le  foyer, 
HECH  dans  l'Achangeur)  sont  celles  calculAes  en.rAgime  continu. 

Lorsque  le  brQleur  s  'arrSte,  on  a  admis  pour  ces  coefficients  d'Achange  des  lois  de  variation  ba- 
sAes  sur  les  considerations  suivantes. 


1°/  Dans  le  foyer,  aprAs  un  court  laps  dc  temps,  HF  s'apparente  au  coefficient  de  convection  hj  et  suit  la 
loi  devolution  dAfinie  par  la  relation  ^6). 

2°/  Dans  l'Achangeur,  HECH  suit  la  loi  devolution  dAfinie  par  la  relation  (16). 

3°/  La  loi  de  dAcroissance  du  debit  gazaux  Qg  en  fonction  du  temps  est  linAaire  :  elle  setend  ici  sur  une 
pAriode  de  quelques  secondes.  La  limite  inferieure  de  Qg  constitue  le  "debit  d'air  de  balayage"  provoquA 
par  le  tirage  de  la  chemlnde.  Ce  debit  A  1'arrSt  est  fixe  par  1  experience.  Des  essais  effectues  A  IFP  ont 
montre  que,  pour  de  petites  chaudiAres  domestiques,  11  Atait  de  l’ordre  de  10  kg/heure. 

Au  cours  de  la  mi3e  en  route  du  brQleur,  on  conserve  les  mSmes  lois  devolution  que  prAcAdemment 
entre  le  debit  de  balayage  et  le  debit  gazeux  Atabli. 


1.3. 3.  Equations  de  base 

A  chaque  Instant,  letat  thermodynamique  du  systAme  est  caractArisA  par  6  variables  : 

-  A  variables  pour  les  gaz  TGF,  TGE,  MF  et  HE 

-  2  variables  pour  ieau  TEF  et  TEE. 

Pour  les  gaz,  on  applique  dans  le  foyer  et  lechangeur  les  lois  d  equation  detat,  de  conserva¬ 
tion  de  masse  et  denergie  ; 

(p.V)F  =  MF  .  R  .  TGF  (17) 

~j~~  “  (debit  fuel  +  debit  d'air)  -  (debit  de  transfert  entre  foyer  et  Achnngeur)  (18) 

d(MF  .  UF)  “  -  dQF  +[AH]  (19) 

Up  etant  l'energie  Interne  speclflque  des  gaz  dans  le  foyer,  et[AH]  la  difference  entre  les  debits  cnthal- 
plques  A  I'entrAe  et  en  sortie  de  foyer,  etc... 

Pour  l'eau,  on  applique  la  loi  de  conservation  d'Anergie  dans  le  foyer  et  l'Achangeur.  On  Acrit 

ains!  : 

HF  .  CW  .  d(TEF)  »  DQGEF  -  DQEAF  -  (TEF  -  TE)  CW  .  QW  (20) 

HE  .  CW  .  d(TEE)  -  DQGEE  -  DQEAE  -  (TEE  -  TEF)  CW  .  QW  (21) 

Le  systAme  d 'Aquations  etant  mis  en  forme,  il  reste  6  equations  dlffArentlelles  du  type  : 

dyt  -  f(yr  ...  Yl  ...  y6) 

oil  les  yj_  sont  les  6  variables  caractAristiques  dAfinies  cl-dessus. 

Connalssant  A  chaque  instant  les  valeurs  de  ces  variables,  leurs  dArivAes  par  rapport  au  temps  et 
tous  les  debits  calorlfiques  mis  en  jeu,  on  vArifie  que  les  bilans  thermlques  sont  respectAs  : 

Pu  »  '.>Q0EF  +  DQGEE  -  (DQEAF  +  DQEAE)  (22) 

Pt  =  DQGEF  +  DQCEE  +  DQGAF  +  DQGAE  +  [AHg]Tf  (23) 

To 


1.3.4,  Rensei|nem^nts_gratiques  fournls  gar  la  simulation 

Tous  les  debits  calorlfiques  etant  intAgrAs  au  cours  des  calculs,  on  en  dAduit  les  rendera,nts  uti¬ 
les  du  foyer,  de  l'Achangeur  et  de  la  chaudiAre  durant  un  cycle  de  fonctionnement,  et  les  pertes  correspon- 
dantes  par  les  parols  et  les  furaAes. 

En  outre,  le ’programme  calcule  pour -un  regime- eye lique  Atabll  : 

-  la  durAe  d'un 'cycle  ; 

-  la  fraction  du  temps  de  marche  du  brQleur  dans  le  cycle  ; 

-  la  consommation  de  combustible  par  cycle.  . 

Pour  obtenir  ces  r.Asultats  A  dlffArentes  charges  de  la  chaudiAre,  on  peut  fafre  varier  soit  le 
debit  d'eau  QW  dans  le  gAnArateur,  soit;  la  tempArature  d'entrSe  d'eau  (dite  de  retour)  TE,  soit  Aventuel- 
lement  ces  deux  paramAtres  pour  ,un  rAglagevdohriA  de  i.'aquastat. 

II  -  EXEMPLES  D‘ APPLICATION  DUMODELE 

Les  examples  qui  suivent  se  rapportent A  deux  chaudiAres  de  chauffage  domestique  qui  ont  .At A 
essayAesen  laboratoire  (partni  14  autres)  au  cours  de  l 'Etude  cooperative- mentionnAe  prAcAdemment  £lj,  [2]. 

Ces  deux  appareils,  repArAs  B  et  E‘,  ont  une  puissance  .utile  nominate  de  Vordre  de  29  kW  (25  th/h). 
La  chaudiAre  B  est  en  acier  avec  ballon  d'eau  sanitaire  incorporA.  La  chaudiAre  E,,  sans  production  d'eau 
chaude  intAgrAe,  est  .en:  fonte  et  a  pour’  particular itA  d'Stre  munie  d 'un  foyer  briquetA. 

Le  combustible  utilise  ici  est  du  -fuel-oil  domestique,  distillat  pAtroiier -ayant  les  caractArisques 
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moyennes  suivantes  : 


C  =  86  %,  H  =  13,5  7.,  S  =  0,5  7. 


PCI  =  42,8  MJ/kg  (10  250  kcal/kg). 

Dans  les  cas  traitds,  la  puissance  appelde  (ou  charge)  est  provoqude  uniquement  par  les  besoins 
en  chauffage.  Nous  allons  examiner  l'influence  d'un  certain  nombre  de  parambtres  d'ordre  pratique  sur  les 
performances  en  nous  appuyant  sur  la  simulation  mathdmatique,  et  en  comparant  dans  la  mesure  du  possible 
les  resultacs  b  ceux  tirds  de  1 'experience. 


11. 1.  Influence  du  ddbit  de  fuel 

Sur  la  figure  4  sont  reportds  les  bilans  thermiques  obtenus  en  rdgime  continu  pour  des  ddbits  de 
fuel  passant  de  3,13  4  1,93  kg/h  sur  la  chaudibre  E. 

Au  banc  d'essais,  cette  variation  de  ddbit  du  brflleur  a  dtd  obtenue  par  changements  successifs  de 
gicleurs.  Les  performances  calculdes  l'ont  dtd  b  psrtir  d'un  calage  (CAL)  du  modble  effectud  sur  l'essai 
b  ddbit  maximal. 

Les  rendements  thdoriques  apparaissent  ici  Stre  quelque  peu  infdrieurs  aux  rendements  expdrimen  - 
taux,  et  on  voit  que  les  differences  sont  imputables  aux  pertes  par  les  parois.  En  dehors  des  imperfections 
inhdrentes  b  toute  simulation  mathdmatique  et  auxquelles  ce  modble  n’dchappe  pas,  slgnalons  que  sur  les 
plates-forme^  d'essais  les  incertitudes  d 'appreciation  directe  des  rendements  utiles  ont  dtd  chlffrdes  aux 
environs  de  -  2  7.. 

On  remarque  immddiatement  que  le  rendoment  utile  tend  b  augmenter  lorsque  le  debit 
de  fuel  diniinue.  Bien  entendu,  ceci  est  dO  en  grande  partie  b  la  diminution  de  chaleur  sensible  eropor- 
tde  par  les  fumdes.  Mais  il  faut  signaler  que  le  rendement  de  foyer  lui  mSme  augmente,  comma  ie  laisse  prd- 
voir  la  relation  de  correlation  (7)  du  paragraphe  1.2.2. 

En  effet,  on  peut  montrer  que  est  une  fonction  ddcroissante  de  D'.  Lorsque  dans  la  chambre 

de  combustion  le  ravonnement  est  le  mode  de  transfert  preponderant  (ce  qui  est  le  cas  ici  ou  le  rayonne- 
ment  intervient  pour  plus  de  70  7e),  la  densitd  de  feu  rddulte  D'  decrolt  avec  P^,  ce  qui  contribue  b 
augmenter  le  rendement  du  gendrateur. 

L'accroissement  du  rendement  s'accompagne  ici  d'une  trbs  nette  diminution  de  la  temperature  des 
fumdes  dvacudes,  comme  le  mcntre  la  figure  5.  On  notera  d'ailleurs  ici  la  trbs  bonne  concordance  existant 
entre  l 'experience  et  le  calcul. 

Cette  notion  de  temperature  de  fumdes  revSt  une  grande  importance  pratique.  En  effet,  si  une 
tempdrature  "basse"  est  gage  de  bon  rendement,  elle  peut  Stre  dgalement  source  d'ennuis  du  fait  des  conden¬ 
sations  possibles  dans  le  conduit  de  chemlnde  quand  on  atteint  le  point  de  rosbe  aclde.  Pratiquement ,  sur 
les  installati -us  de  chauffage  domestique,  on  dvite  de  dcscendre  au-dessous  de  200°C  en  socle  de  chaudlbre. 
Dans  cette  optlque,  l'emploi  du  modble  est  particulidrement  efficace  pour  prbvoir  le  ddbit  calorlfique 
minimal  admissible  sur  un  gdndrateur  donnd.  Ceci  esc  illustrd  sur  la  figure  6  :  des  calculs  systdmntiques 
effectuds  sur  la  chaudlbre  B  ont  montrd  que,  sous  prbtexte  d'augmenter  son  rendement  en  dlmlnuant  sa  puis¬ 
sance  nomlnale  (dans  le  cas  d'une  surpulssance  liotoire  de  1 'inctallation  de  chauffage  par  exemple),  on 
ne  pourralt  songer  b  descendre  au-dessous  d'un  rdgiage  de  brOleur  corrcspondant  b  environ  1,3  kg/h  de  fuel. 
Slgnalons  d'ailleurs,  que  dans  la  pratique,  on  ue  trouve  pas  de  brQleurs  b  pulvdrisatlon  mdcanique  et  air 
souffld  opdrant  au-dessous  de  1,4  kg/h. 

La  figure  7  se  rapporte  b  1'dvolution  du  rendement  de  la  chaudibre  B  opdrant  en  rdglme  dlscontlnu 
pour  2  rdglages  de  ddbit  du  brOleur  :  3,04  (ddbit  nominal)  et  2  kg/h  (ddbit  rdduit).  On  constate  que  lb 
encore,  pour  une  puissance  appelde  Pu  ou  fraction  de  charge  a.  donnde,  le  rendement  augmente  quand  on 
rdduit  le  ddbit  de  fuel  au  brflleur. 

Le  calcul  parait  let  devoir  surestimer  les  rendements  expdrimentaux  :  mais  il  faut  savcir  qu'au 
cours  de  tels  essais,  11  est  difficile  de  maintenlr  constants  les  parambtres  de  rdgiage  du  brflleur  (ddbit 
de  combustible  et  exebs  d'air),  et  la  tempdrature  moyenne  de  l'eau, 

L'allure  de  ces  courbes  de  rendement  est  tout-b-fait  caractdristlque  de  celle  rendant  compte  des 
performances  d'une  chaudibre  fonctionnant  en  rdgime  "tout  ou  rien".  On  noterc  que  ia  ddcrolssance  du  ren¬ 
dement  est  pac.iculibrement  marqude  b  faible  charge,  au-dessous  de  25-30  7.  pour  cette  chaudibre,  Le  ddtail 
des  pertes  est  fourni  sur  la  figure  8.  On  remarquera  que  les  pertes  par  les  parois,  qui  varient  asset  peu 
en  valeur  absolue  avec  la  puissance  appelde  Pu,  prennent  de  ce  fait  une  importance  relative  croissante  quand 
la  charge  de  la  chaudibre  dimlnue.  D'ob  1'intdrSt  de  choislr  un  gdndrateur  dont  la  puissance  maximale  ne 
soit  pas  exagdrdment  au-delb  des  besoins  thermiques  rdels,  sous  prdtexte  de  se  mdnager  une  rdserve  de 
puissance, 

Actuellement,  pour  tenir  compte  des  besoins  inslantands  d'eau  chaude  sanitaire  en  maison  indivi- 
duelle,  on  prdconise  d'opter  pour  une  puissance  Installde  supdrieure  d'environ  30  *4  b  la  puissance  de 
chauffage  ndeessaire  par  grand  froid. 

11. 2.  Influence  de  1 'exebs  d'air 

La  rdduction  de  l'excbs  d'air  est  le  raoyen  d'action  le  plus  souvent  prdconisd  pour  d.irainuer  la 
consommation  de  combustible  d 'un-gdndrateur.  de -chaleur. 

La  figure  9  montre  le  gain  de  rendement  qu'on  seralt  susceptible  d'obtenir  sur  la  chaudibre  B  (en 
fonctionnement  continu'  en  passant  d'un  exebs  d'air  de  60  7.  b  un  exebs  d'air  de  10  %  :  gain  d'environ  1 
point  par  tranche  d4  10  %. 

Le  modble  permet  d’expliciter  ici  les  phdnombnes  mis  en  jeu.  On  peut  en  effet  faire  les  remarques 
suivantes. 

1°/  Le  rendement  du  foyer  augmente,  bien  que  la  tempdrature  des  gaz  le  quittant  (tecj,)  augmente  dgalement  ; 
la  raison  fondamentale  de  cut  accroissement  de  rendement  est  1 'augmentation  de  la  tempdrature  adiabatique 
de  combustion  Ta(j,  qui  contribue  b  diatinuer  la  densitd  4®  feu  rdduite  D',  done  b  accroitre  le  rendement 
0 'p  donnd  par  la  relation  de  corrdlation  (?). 

2°/  Par  contre,  le  rendement  de  L'dchangeur  crolt  avec  i'excbs  d'air  :  ceci  est  dfl  b  1 'amelioration  du 
coefficient  de  transfert,  consdcutive  b  une  .augmentation  du  ddbit  massique  des  gaz  (relation  (16)  du  para- 
graphe  1.2:3.),  bien  que  leur  tempdrature  tec[1  dimlnue. 

3“/  Finalemeht,  du  fait  de  la  part  prdponddrante  prise  par  le  foyer  dans  le  bilan  thermique  de  la  chaudibre, 
e'est  son  accroissement  de  rendement  avec  la  d.irainution  de  l'egcbs  d'air  flui  conditionne  celui  de  I'appareil. 

Rappelons  que  sur  les  chaudibres  de  chauffage  domestique  paviilonnaires  qui  sont  ddmunies  par 
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principe  de  systbmes  de  regulation  sophistiquls,  on  Ivite  glnlralement  de  rlgler  le  farQleur  au-dessous  de 
20  %  d'excbs  d'air,  ceci  afin  de  se  mlnagei"  une  marge  du  sevuritl  quant  4  la  qualitl  de  la  combustion. 

11. 3.  Influence  de  la  temperature  de  i'eau 

Un  moyen  preconise  pour  amlliorer  le  rendement  d 'exploitation,  est  de  reduire  la  temperature  de 
I'eau  de  chauffage. 

Par  le  calcul,  nous  avons  abaisse  de  20°C  la  temperature  de  I'eau  circulant  dans  la  chaudibre  E. 
Les  figures  10  et  11  montrent  que,  dans  ces  conditions,  la  reduction  consecutive  des  pertes  parietales 
permet  d'accroitre  d'une  manibre  notable  le  rendement  utile.  Par  exemple,  pour  une  charge  de  30  %,  celui- 
ct  passe  de  75  4  78  %,  soit  utie  reduction  de  consommation  en  fuel  de  l’ordre  de  4  7,. 

En  dehors  des  problbmes  prcpres  4  l'adaptation  des  Imetteurs  (radiateurs)  aux  "basses"  temperatu¬ 
res  du  fluide  caloporteur,  I'abaissement  de  la  temperature  a  de  toute  manibre  une  limite  :  le  retonr  de 
I'eau  4  ia  chaudibre  doit,  dans  toute  la  mesure  du  possible,  demeurer  suplrieur  au  point  de  rosle  humide  des 
gaz  de  combustion  (de  l'ordre  de  45’C  avec  le  fuel  envisage  icl). 

En  ce  qui  concerns  l'emploi  du  module,  on  notera  sur  la  figure  10  la  trbs  bonne  concordance  exis- 
tant  entre  points  calcuies  et  points  explriroentaux.  II  faut  souligner  que  dans  le  cas  envisage  ici,  les 
conditions  oplratoires  au  banc  d'essais  s'etaient  maintenues  particulibrement  constantes  et  proches  des 
conditions  de  calcul. 

11. 4.  Influence  du  differential  de  I'aquastat 

L' influence- Iventuelle  du  differential  de  I'aquastat  Iquipant  la  chaudibre  est  particulibrement 
difficile  4  mettre  experimentalement  en  evidence  :  des  fluctuations  exterieures  incontrblabies,  suscepti- 
bles  d'Stre  rencontrees  sur  un  banc  d'essais,  peuvent  en  effet  masquer  un  phlnombne  aux  proportions 
modestes, 

Par  le  calcul,  nous  avons  envisage  trois  cas  pratiques  correspondent  &  des  differentials  respec- 
tivement  Igaux  4  8,  5  et  3°.  On  a  simuie  le  fonctionnement  de  la  chaudibre  B  operant  4  environ  1/4  de  sa 
puissance  nominate.  Les  prlncipaux  rlsultats  de  calcul  sont  regroupls  dans  le  tahleau  cl-dessous. 


FONCTIONNEMENT  DISCONTINl) 

Chaudibre  B-e  =  35  7.  -  Qp(,D  "  3,04  kg/h  -  tE  =  60°C 


Rlglage 

Aquastat 

Dur4e  d’un  cycle  (s) 

Consom. 

FOD  (kg/h) 

Bnargle 
utile  (kWh) 

Pertes  pa¬ 
rols  (kWh) 

Pertes  fu- 
mles  (kWh) 

*?  u  <*> 

marche 

brQleur 

*  arret 
brQleur 

totale 

72-80 

175 

461 

636 

0,832 

7,44 

0,81 

1,73 

74,8 

75-80 

134 

344 

478 

0,85) 

7,57 

0,82 

1,76 

74,8 

77-80 

97 

254, 

351 

0,841 

7,47 

0,82 

1,74 

74,7 

Nota  :  Lea  bllans  thermlques  sont  rapportls  4  -  h  de  fonctionnement  cyclique.  • 

On  ne  peut  dlstlnguet  de  differences  bian  slywiflcatives  entre  les  performances,  malgr6  les  durles 
de  cycles  difflrant  sensiblement 'd 'un  rdglage  4  l'autre  (correspondent  4  6  aliumages/heure  dans  le  ler  cas 
et  10  dans  le  34),  Tout  au  plus  peut-on  remarquer  que  le  niveau  moyen  de  temperature  d'eau  tend  4  augmenter 
quand  le  differential  dlminue,  et  qu'on  peut  s'attendre  de  ce  fait  4  un  accroissemerit  des  pertes  parietales, 
Mais  ce  dernier  phlnombne  ne  pourrait  vraiment  Stre  sensible  que  sur  des  chaudibres  mal  calorifugles, 

Pratiquement,  le  dlfferentiel  des  aquastats  Iquipant  les  chaudibres  de  chauffage  domestique  se 
sltue  entre  5  et  10*C. 

II. 5.  Influence  du  calorlfuReage 

Le  calorlfugeage  est  une  caractlristique  d'lqulpement  ayant  une  grande  importance  sur  le  rendement 
d'exploitation  du  glnlratedr. 

Par  le  modble,  nous  avons  etudie  l'influence  de  l'ltat  d'isolation  en  fonctionnement  continu  pour 
diffdrents  debits  de  fuel,  en  oplrant  sur  la  chaudibre  B  (bien  representative  en  1977  de  la  qualite  couran- 
te  d'isolation  rencontrle  sur  ce  type  d'apparell). 

On  a  cons'idlrl  3  etats  d'isolation  difflrents  :  le  calor iiugeage  d'origine,  l'absence  totale  de 
calorlfugeage,  et  un  "super  calorlfugeage"  consistent  en  l'adjonction  4  l'equipement  commercial  d'une 
couche  suppllmentaire  de  40  mm  de  laine  de  verre  sur  toutes  les  surfaces. 

11. 5. 1.  Influence  sur_le  rendement 

L'examen  de  la  figure  12  permet  de  faire  deux  constatations  essentielles. 

1  */  lln  calqrifugeage  trbs  ponssl  permet  d'escorapter  des  gains  sensibles  par  rapport  aux  performances  ini¬ 
tiates  :  3  points  de  rendement  jusque  vers  2,4  kg/h,  4  points  au  dibit  de  1,4  kg/h. 

2°/  La  variation  du  rendement  avec  le  dibit  de  fuel  eat  d'autant  moins  sensible  que  la  :haudibre  est  moins 
bien  calorifugle. 

11.5. 2.  Analyse  dltaillle  des  pertes  gar  les  garois 

L'nnalyse  dltaillle  des  pertes  par  les  parols,  rendue  possible  par  la  simulation  mathlmatique, 
permet  de  mettre  eh 'evidence  les  r81es  respectifs  jouls  par  les  surfaces  humides  ett  sbehes  dans  le  bilan 
des'  pertes;  Sur  la  chaudibre  B  envisaged  ici,  les  surfaces  sbehes  reprlsanteht  11  %  de  la  surface  totale 
en  contact  avec  1 'ambiance.  ~  '  * 

Sur  la  figure  13,  on  peut  faire  les  observations  suivantes. 

I0/  les  pertes  totales  par  les  parols  sent  fortement  influencles  par  1'ls.at  d'isolation,  et  elles  croissent 
d'autant  p'us  vite  avec  la  charge  (celle-cl  Itant  ici  condi, tionnle  par  le  dibit  de  fuel)  que  le  calorifu- 
geage  est  moins  saignl. 

2°/  Pour  un  calqrifugeage  dqnnl,  la  loi  de  variation  des  pertes  aux  parois  est  essentiellement  rlgie  par 
celle  des  parois  sbehes,  les  pertls  par  les  parois  humides  variant  trbs  peu.  Ceci  est  dQ  au  fait  que  lors- 
que  la  charge  crott  en  rlgitte  continu,  le  niveau  moyen  des  temperatures  internes  .des  gaz  augmente,  d'ou 
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une  fil.6vati.on  de  tempfirature  des  parois  non  irrigufies  par  l'eau. 

3°/  Les.  pertes  totales  aux  parois  ne  peuvent  Stre  considfirfies  comae  fitant  pratiquement  Constances  avec  la 
charge  que  dans  le  cas  du  calorifugeage  trfes  poussfi,  qui  attfinue  forteraent  l'effet  do  aux  parois  sfechcs. 


tl.5.3.  Influence  sur  la  tempfirature  et  les  gertes  par  les  fumfies 

La  figure  14  montre  que  1 'amfilioration  du  calorifugeage  est  susceptible  de  provoquer  une  augmen- 
tatioi  dficelable  de  la  tempfirature  des  fumfies  (done  les  pertes  par  chaleur  sensible),  bien  qje  le  rendement 
de  ! a -chaudifere  augmente. 

Ce  paradoxe  apparent,  confirmfi  par  I'expfirlence,  trouve  son  explication  dans  1 'analyse  des  phfino- 
mfenes  t.hermiques  internes  fe  la  chaudifere.  Le  calcul  montre  en  effet  qu'une  forte  diminution  des  pertes  par 
les  parois  imprime  auxgaz  de  combustion  un  surcroit  d'enthalpie  qui  ne  se  transmet  pas  intfigralement  4 
l'eau,  du  fait  des  limitations  dues  aux  coefficients  d'fichange. 


II. 6.  Calcul  de  la  consommatlon  d'entretien 

Si  on  rapporte  les  pertes  totales  (fumfies  +  parois)  exprimees  en  valeur  absolue  fe  la  charge  appe- 
lfie  (ou  puissance  utile  fiquivalente)  en  fonctionnement  discontinu,  on  trouve  une  relation  pratiquement  linfi 
sire  illustrfie  sur  les  figures  15  et  16  pour  les  chaudiferes  B  et  E. 

Cette  proprifitfi  de  linfiaritfi,  largement  confirmfie  par  l'expfirience  [l"j,  [2],  provient  du  fait  que 

-  les  pertes  par  les  parois  humides  sont  pratiquement  Constances, 

-  les  pertes  par  les  parois  sfeches  et  par  les  fumfies  sont  sensiblement  proportionnel les  au  temps 
de  marche  du  brQleur. 

Lorsque  la  demande  en  chauffage  devient  nulle  (P  “  0) ,  la  chaudifere  fo-ictionne  en  rfigime  dit 
d'  "entretien"  :  le  brflleur  ne  se  met  en  route  que  pour  maintenir  l'eau  4  la  tempfirature  de  consigne  de 
I'aquastat.  La  consommatior.  de  fuel  correspondante  CQ1  qui  ne  sert  qu'fe  compenser  les  pertes  de  l'appnrell, 
est  une  notion  intfiressante  4  connaitre  :  elle  permet  de  juger  de  la  qualitfi  du  gfinfirateur,  et  en  particu- 
lier  de  celle  de  son  calorifugeage.  La  mesure  prfivue  dans  la  nouvelle  norme  franqaise  d'essais  de  chaudifere 
[ll],  est  trfes  dfillcate.  On  dolt  rechercher  un  rfiglage  d'aquastat  permettant  de  maintenir  a  une  valeur  im- 
posfie  I'ficart  entre  la  tempfirature  moyenne  de  l'eau  de  la  chaudifere  et  la  tempfirature  ambiante  (cet  ficart 
est  de  1'ordre  de  50°  dans  la  norme  prficitfie).  Pour  obtenir  une  prficislon  suffisante  cans  la  mesure  des 
consommations,  l'essai  sur  plate-forme  doit  se  dfiroulcr  sur  une  pfirlode  proche  de  2ih,  et  durant  cette  pfi- 
riode  la  cellule  d'essais  doit  fetre  maintenue  fe  une  tempfirature  aussi  constante  que  possib'e. 

Le  modfele  permet  d'estimer  4  priori  la  consommatlon  d'entretien. 

En  se  reportant  4  la  figure  3,  on  volt  que  le  rfigitna  d'entretien  correspond  4  une  circulation 
d'eau  chaude  s 'fitabllssant  d'une  manifere  naturelle  (par  thermo-siphon)  dais  la  chaudifere,  la  vanne  3  voles 
fitant  complfetement  fermfie  du  cfltfi  circuit  de  chauffage.  On  entre  dans  le  modfele  mathfimatique  en  posant  que 
ce  dfiblt  d'eau  est  trfes  falble  (on  a  pris  dans  les  exemplcs  citfis  1  7.  du  dfiblt  nominal),  et  on  prend  pour 
tempfirature  de  retour  TE  celle  correspondant  A  la  plage  lnffirieure  de  I'aquastat  (consigne  TSl). 

On  donne  ci-dessous  les  rfisultata  obtenus  &  partir  des  chaudiferes  B  et  E. 


Rfigime  d'entretien  -  Calculs  effectufis  avec  un  dfibi t  d'eau  Interne  da  10  kg/h 


3haudlfere 

Rfiglage 

brflleur 

Rfiglage  aquastat 

air 
(0)  eau 

Durfie  du  cycle  (s) 
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(kg/h)- 

&W 
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(“  TP) 
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£a 
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arrflt 
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0 

(kg/h) 

B 
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35 

75 

80 

25 

51 

149 

4  957 

5  106 

0,089 

E 

3,13 

25 

85 

90 

20 

66 

26 

700 

726 

0,114 

air  I  TSl  +  TS2  \ 

L'ficart  Aeflu  correspond  4  la  difffirence  tm  -  t^,  avec  Cm  =!■ - j - 1  -  TE. 

Les  consommations  d'entretien  reportfies  ci-dessus  correspondent  &  des  pertes  respectivement  figales 
4  :  1,03  kWh  (882  keal/h)  pour  la  chaudifere  B  et  1,31  kWh  (1125  keal/h)  pour  la  chaudifere  E. 

En  se  reportant  aux  figures  15  et  16,  on  remarque  que  ces  pertes  au  voisinage  de  la  puissance 
nulle  sont  supfirieures  &  celles  qu'on  obtiendralt  en  prolongeant  les  droltes  au-delfe  du  point  a.  Cela 
s'explique  par  le  fait  qu'en  rfigime  d'auto-entretien,  pour  un  rfiglage  donnfi  de  I'aquastat,  la  tempfirature 
moyenne  de  l'eau  est  prise  supfirieure  4  celle  du  fonctionnement  normal  :  ainsi  par  exemple  pour  la  chau¬ 
difere  B,  t  =  68,8°C  en  fonctionnement  normal  (avec  tv  =  60°C)  contre  t_  =  76,3°C  en  rfigime  d'entretien 
(avec  tE  =tn75°C) . 

Cette  discontinuitfi  de  la  relation  linfiaire  entre  pertes  et  puissance  utile  au  voisinage  de  la 
puissance  nulle  a  fitfi  particuliferement  bien  mise  en  fividence,  sur  le  plan  expfirlmental .  par  SCHLIENGER 
et  THENARD  [l2].  Pour  parvenlr  fe  1'ordonnfie  d'origine  de  la  droite,  les  auteurs  prficonisent  d'effectuer 
l'essai  d'auto-entretien  "avec  une  consigne  d'aquastat  correspondent  aux  environs  des  2/3  de  l'ficart  de 
tempfirature  entre  la  consigne  d'aquastat  de  la  chaudifere  en  marche  continue  et  la  tempfirature  ambiante". 

La  definition  prficise  de  la  droite  fitant  ainsi  obtenue  par  deux  points  correspondant  d'une 
part  au  rfigime  nominal  et  d'autre  part  au  rfigime  d'entretien  rfiajustfi,  on  peut  alors  expliciter  le  rende¬ 
ment  de  chaudifere  par  une  expression  pratique  de  la  forme  : 

?  .  =  %  (1  -  ~ 2  .  c)  (24) 

'  d  7c  m 

m  fitant  le  taux  de  marche  du  brQleur,  et  c  un  coefficient  d'entretien  thermique  dfifini  par  l'expression 


CONCLUSIONS 

Un  modfele  mathfimatique  a  fitfi  erfifi  fe  l'lnstitut  Franqais  du  Pfitrole,  dans  le  cadre  d'une  Etude 
coopfirative  menfie  sur  les  petites  chaudiferes  de  chauffage.  domestique. 

Pour  l'ficablir,  on  s'est  appuyfi  sur  fes  rfisultats  expfirimentaux  obtenus  sur  plates-formes  d'essais 
Ce  modfele  n'est  pas  un  modfele  de  conception,  mais  un  modfele  d 'exploitation.  II  permet  d'fitudier 
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le  comportement  d'un  gdndrateur  donnd  sous  1 'influence  de  divers  paramfetres  tels  que  :  rdglage  du  brQleur 
(debit  de  fuel  et  excfes  d'air),  etat  d'isolation  des  parois,  rdglage  de  l'aquastat,  et  ceci  S  parcir  de 
renseignements  fournis  par  un  essai  effectud  en  regime  continu,  ou  tires  dventuel lement  du  catalogue  cons- 
tructeur.  En  particulier,  on  peut  suivre  d'une  mani&re  plus  detaillde  et  plus  fine  que  par  l'expdrienc^ 
la  repartition  de  l'dnergie  introduite  entre  dnergie  utile  et  pertes,  et  en  tirer  les  consequences  pour 
arieiiorer  les  conditions  d 'exp  loitation  ou  orienter  une  nouvelle  conception. 

La  simulation  du  for.ctionnement  continu  peut  s'effectuer  independemment  de  celle  du  fonctionnement 
discontinu,  le  module  ayant  etd  prealablement  caie  sur  un  rdsultat  experimental. 

Cette  possibilite  permet  ainsi  d'explorer  rapidement  l'influence  d'un  ou  plusieurs  pararofetres  sur 
les  performances  en  regime  continu,  et  de  reserver  la  simulation  du  regime  discontinu  -beaucoup  plus  longue 
en  temps  calcul-  a  1 'etude  de  conditions  seiectionndes. 

Dans  le  cadre  de  1'IFP,  un  emploi  caracteristique  de  ce  modfele  concerne  actuellement  1 'elaboration 
d'un  ensemble  de  donndes  reliant  la  consommation  a  la  puissance  utile  pour  differentes  conditions  externes, 
ces  donndes  devant  Stre  utilisdes  ensuite  dans  un  mod&le  de  batiment  rendant  compte  du  bilan  dnergdtique 
annuel. 

On  envisage  egalement,  sur  la  base  d 'experimentations  nouvelles,  1 'extension  du  modble  aux  chau- 
diares  de  plus  fortes  capacites  que  celles  considerdes  ici  :  quelques  centaines  de  kW,  domaine  du  chauffage 
collectif  ou  industriel.  L'un  des  objectifs  de  cette  extension  est  1 'etude  fine  des  avantages  respectifs 
des  marches  tout  ou  rien  et  modulante. 
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DISCUSSION 


A.Ivemel,  Fr 

(1)  Disposez-vous  de  gicleurs  &  debit  .variable  pour  adapter  la  puissance  thermique  au  besoin  thermique  de 
l’installation? 

(2)  Pouvez-vous  comparer  les  couts  d’un  calcul  a  ceux  d’un  essai? 

R^ponse  d’Auteur 

(1)  On  ne  dispose  pas  de  gicleurs  A  d6bit  variable  dans  cette  gamme  de  petites  puissances.  Ce  type  d’atomiseur 
se  rencontre  i  partir  de  debits  reprdsentant  queiques  dizaines  de  kg/h  de  fuel. 

(2)  Dans  les  conditions  propres  a  IFP,  on  peut  estimer  un  rapport  des  couts  de  1 A  8  en  faveur  du  module,  pour 
rdtablissement  d’urie  courbe  complete  de  rendements.  Cette  estimation  est  basSe  sur  un  temps  de  calcul  de 
1’30  et  une  experimentation. de  6  joumees-technicien. 


J.B.Michel,  Ne 

Une  des  methodes  suggerfe.par  les  agences  s’occupanf  d’economies  d’dnergie  pour  ce  type.de  chaudidres  est  de 
recuperer  compietement  la  clialeur  sensible  des  fum^es.  Par  exemple,  la  Compagnic  Hollandaise  “GASUN1E”  A 
Groningen  a  constjruit  une  petit  chaudi^re  pilote  aven  un  cycle  sep'ard  de  circulation  d’eau  autour  de  la  chcminee 
et  avec  recuperation  egalenient  de  l’eau  condensee.  Est-ce  que  votre  modeie  pourrait  tenir  compte  de  ceci? 

Reponse  d’Auteur 

Le  modeie  pourrait  trAs  piobablement  s’adapter  d  ce  genre  de  situation.  En  particulier,  la  temperature  dei’eau  £ 
l’entree  de  la  chaudiere  est  un  parametre  d’exploitation  pouvant  varier.  II  faudrait  ajouter  un  puits  de  chaleur 
dans  le  circuit  echangeur. 

Sur  le  plan  strictement  pratique,  nous  supposons  que  la  condensation  de  l’eau  des  gaz  de  combustion  doit  poser  de 
sericux  problimes  de  corrosion  pour  les  surfaces  metalliques. 
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A  CHEMICAL  REACTOR  MODEL  AND  ITS  APPLICATION  TO  A  PRACTICAL  COMBUSTOR 
W.  Krockow,  and  B.  Simon  E.C.  Parnell 

Motoren-  und  Turbinen-Union  Munchen  GmbH  Rolls  Royce  Ltd. ,  Aero  Division 
Dachauer  StraBc-  665  _  PO  Box  3,  Filton 

D  8000  Munchen  50,  Germany  Bristol  BS127QE,  England 


SUMMARY 

A  computer  model  of  a  combustion  chamber  is  presented,  which  in  its  approach  is  based 
on  chemical  reactors.  The  reactive  flow  field  of  the  combustor  primary  zone  is  divided  into 
elements  (vortices)  with  different  mixture  ratios  and  residence  times.  The  variations  in 
concentration  in  each  element  are  calculated  by  means  of  a  detailed  kinetic  reaction  mecha¬ 
nism,  in  yhich  the  decomposition  of  the  fuel  to  carbon  monoxide  and  hydrogen  is  described 
by  a  "one-step-quasi-global"  reaction  rate.  Each  element  born  in  the  primary  zone  of  the 
combustor  reacts  according  to  its  residence  time  and  is  subsequently  followed  on  its  way 
through  the  remaining  zones  of  the  combustor  by  the  computer,  with  discrete  amounts  of 
air  being  added  corresponding  to  the  boundary  conditions  in  the  combustor. 

i 

Idealization  of  the  model  (normal  distribution)  is  supported  by  measurement  of  the  gas 
concentration  at  the  outlet  from  the  primary  zone  of  a  vaporiser-annular  combustion  chamber. 
Comparison  between  the  calculated  primary  zone  and  outlet  concentrations  of  NO^,  CO  and 
unburned  hydrocarbons  and  the  measurements  show  veiy  good  agreement. 

SYMBOLS 

air-fuel  ratio  Q_ 

r 

normalizing  factor  S 

emission  index  T 

t 

maximum  number  of  equivalence  UCD 

ratios  W5R 

enthalpy  of  the  inlet  fuel-air  x 

mixture  v 

maximum  number  of  equivalence  ^(t) 

ratios 

maximum  number  of  residence  * 

times  0 

total  pressure  Index 

plug  flow  reactor 
perfectly  stirred  reactor 

reaction  enthalpy  of  the 
species  i 

heat  of  combustion 

1.  INTRODUCTION 

The  -.physical  and  chemical  processes  occurring  in  the  interior  of  a  gas  turbine  engine 
combustion  chamber  are,  of.  .a- rather  complex  nature.  The  flow>  because  liquid  fuel  is  normally 
used,  is  two-phase,  highly  turbulent  and  subject  to  recirculation.  Superimposed  on  the  flow 
process  are  phase  change,  mixing  and  chemical  processes  which  because  of  their  interaction 
cannot  appropriately'  be  discussed  separately; 

To  the  engineer  the  combustion  chamber  is  a  rather  difficult  engine  component  to  pre¬ 
dict  theoretically  considering  that  minpr  changes,  of  thq  flame  tube  will  often  nave  large 
consequences.  More  familiarity  with  all  the.. physical  and  chemical  processes,  therefore,  will 
no  longer  be  sufficient  to  properly  interpret  test  results  or  to  predict  the  combustion  per¬ 
formance  when  boundary  conditions,  i.e.  the  flame  tube- shape,  porting  and  inlet  conditions 
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are  changed. 

The  engineer  must  therefore  be  provided  with  a  computer  model  to  assist  in  the  assess¬ 
ment  of  the  combustion  chamber.  Such  a  model  will  necessarily  also  be  subject  tc  certain 
limitations  and  simplifications  regarding  the  physical  and  chemical  processes. 

At  this  time  there  are  two  major  approaches  being  used  for  the  description  of  the 
overall  process  in  the  flame  tube: 

flow  field  models 

reactor  models. 

With  flow  field  models  a  complete  description  of  the  three-dimensional  temperature, 
concentration  and  velocity  fields  is  sought. 

The  advantage  afforded  by  the  flow  field  model  is  that  the  combustion  chamber  is  lo¬ 
cally  resolved  for  computation  not  only  for  mean  values  but  also  for  local  quantities  at 
any  place  in  the  flame  tube.  This  permits  determination,  not  only  of  the  combustion  effi¬ 
ciency  profile  and  pollutant  concentration  but  also  of  the  pattern  factor.  The  model  is 
also  better  suited  for  computing  wall  temperatures  and  designing  wall  cooling  configurations. 

The  attendant  penalties  are  these: 

The  interaction  of  turbulence  and  combustion  are  difficult  to  describe  and  there  is  there¬ 
fore  still  some  doubt. 

The  mathematical  effort  going  into  the  description  of  recirculating  3-D  flow  fields 
is  very  great.  Therefore  a  complex  kinetic  mechanism  is  generally  omitted  to  keep  computer 
times  from  becoming  excessive.  Nor  is  the  evaporation  of  the  fuel  normally  considered,  but 
if  it  is,  then  only  by  a  rather  general  formula  which  is  difficult  to  integrate  into  the 
model  and  which  permits  no  interaction  between  the  liquid  and  the  gaseous  phases. 

These  disadvantages  limit  the  usefulness  of  the  flow  field  model  to  computational 
verification  of  simple  experimental  combustion  chambers. 

The  reactor  models  eliminate  these  difficulties  in  that  they  resolve  the  combustion 
chamber  into  a  number  of  chemical  reactors.  The  properties  of  the  reactors  are  selected 
to  suit  the  flow  and  mixing  conditions  of  the  zones  they  represent.  Suitable  coupling  of 
the  reactors  one  with  the  jther  will  additionally  adapt  the  model  to  actual  combustion 
chamber  flow  conditions. 

The  merits  of  the  reactor  model  are  obvious.  Since  they  require  less  computation, 
a  comprehensive  kinetic  mechanism  can  be  incorporated  into  the  model  to  be  available  when 
needed,  e.g.,  to  predict  the  emission  of  pollutants  from  the  combustion  chamber.  In  prac¬ 
tical  work,  then,  reactor  models  have  proved  their  worth  in  the  prediction  of  harmful 
emissions  (Ref.  1  to  4). 

2.  DESCRIPTION  OF  MODEL 
2.1  COMBUSTION  CHAMBER  MODEL 

The  combustion  chamber  model  which  has  been  developed  subdivides  the  flow  field  of 
the  combustion  chamber  primary  zone  as  shown  by  Fletcher  and  Heywood  (Ref.  1)  into  elements 
(eddies)  of  varying  fuel/air  mixture  ratios  and  residence  times.  The  massflow  content  of 
the  various  elements  are  obtained  from  two  statistical  distribution  functions. 

The  equivalence  ratios  are  computed  from  the  following  distribution  function 

fO)  =  C  exp  } 

corresponding  to  a  Gaussian  ^normal  distribution. 

The  residence  times  are  determined  by  the  function 

Ht)  «  A  -  exp  (Vt) 
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which  indicates  the  residence  time  distribution  in  a  PSR  (Fig.  1). 

Fletcher  et  al.  developed  their  model  only  for  predicting  NO^  in  an  engine  combustion 
chamber,  and  as  a  first  approximation  they  separated  the  mechanism  of  NO^  formation  from 
the  main  combustion  reactions  and  assumed  the  combustion  products  as  well  as  radicals 
to  be  in  equilibrium.  The  present  model,  however,  is  not  merely  to  compute  the  NC>x  emission 
of  an  engine  combustion  chamber  but  to  determine  the  entire  performance,  which  makes  it 
necessary  to  consider  also  carbon  monoxide,  unburnt  hydrocarbons,  hydrogen  and  radicals. 

For  each  individual  eddy  resulting  from  the  distribution  function  of  the  mixture 
ratios  and  from  the  distribution  function  of  the  residence  times  in  the  primary  zone  of 
the  combustion  chamber,  a  detailed  reaction  kinetic  study  of  the  combustion  process  is 
made.  Fig.  2  shows  how  the  elements  formed  in  the  primary  zone  of  the  combustion  chamber 
will,  in  the  model,  continue  through  the  succeeding  combustion  chamber  zones  until  they 
reach  the  exit. 

The  elements  issuing  from  the  primary  zone  exhibit  various  concentrations,  tempera¬ 
tures  and  densities  resulting  from  varying  residence  times  and  fuel-air  ratios.  Each  of 
these  elements  will  then  pass  through  the  succeeding  combustion  chamber  zones,  where  dis¬ 
crete  amounts  of  air  are  mixed  in,  in  accordance  with  the  flame  tube  shape  and  porting. 

For  better  identification,  each  element  has  three  indices  (see  Fig.  2). 

The  first  index  refers  to  the  equivalence  ratio  0  ,  where  the  maximum  number  of 
equivalence  ratios  s  i.  For  each  mixture  ratio  there  exists  a  maximum  number  n  of  ele¬ 
ments  each  having  spent  a  different  lifetime  (second  index).  In  this  a  low  index  reflects 
a  short  life,  and  vice  versa.  The  third  index  stands  for  the  axial  location  at  which  the 
element  happens  to  be  at  the  moment.  The  exit  from  the  primary  zone  is  indicated  by  0, 
with  the  succeeding  axial  locations  being  serially  numbered  from  1  to  g.  The  condition 
and  the  location  of  the  element  5,  12,  4,  for  example  is  interpreted  as  follows:  In  the 
primary  zone  the  element  had  the  equivalence  ratio  05  and  a  residence  time  in  that  area 
of  t12  seconds.  It  is  now  in  the  mixing  zone  in  location  4.  Its  instantaneous  equiva¬ 
lence  ratio  is  a  function  of  05  and  the  airflow  distribution,  because  on  its  way  through 
the  preceding  axial  positions  x3  -  x3,  as  much  secondary  air  had  been  added  as  corresponds 
to  its  own  fraction  of  the  entire  mass  flow.  Its  instantaneous  life  time  is  a  function 
of  its  previous  residence  time  r ^  in  the  primary  zone  plus  the  time  it  needed  to  flow 
from  the  primary  zone  exit  xQ  to  the  position  x^.  In  this  manner  every  condition  of  each 
element  in  the  entire  combustion  chamber  depends  only  on  a  probability  function  of  the 
mixing  ratios  and  residence  times  in  the  primary  zone,  and  of  the  configuration  of  the 
combustor. 

This  identification  has  been  chosen  because  of  computational  convenience,  and  the 
method  produces  the  following  computing  operation.  A  beginning  is  made  with  the  element 
1,  1,  0,  which'  is  the  leanest  element  with  the  shortest  residence  time  in  the  primary 
zone.  Relative  to  the  reaction  kinetic  computation  this  is  to  say  that  the  concentration 
changes  are  computed  for  an  equivalence  ratio  0  from  the  time  t  =  0  to  T^.  Upon  leaving 
the  primary  zone  the  kinetics  are  computed  for  each  element  until  it  issues  from  the  com¬ 
bustion  chamber,  with  its  concentrations  changing  as  a  result  of  chemical  reactions  and 
of  the  continuous  addition  of  air.  The  instantaneous  concentration,  temperature,  density 
and  combustion,  conditions  of  the  element  at  the  respective  axial  positions  are  multi  - 
plied  by  a  weighting  factor  (mass  fraction)  and  stored. 

After  the  element  1,  1,  0  has  left  the  combustion  chamber  as  the  element  1,  1,  g 
the  computation  is  continued  using  the  .element  1,  2,  0.  For  this  element  it  is  only 
necessary  to  compute  between  fj  and  T2  since  the,  time  rQ  to  has  already  been  con¬ 
sidered  for  the  first  element,  which  had  the  same  equivalence  ratio. 

After  the  time  r2  the  element  will  leave  the  primary  zone  and  will  be  computed  all 
the  way  through  to  the  combustion  chamber  exit,  with  its  axial  conditions  being  weighted, 
added  to  the  preceding  result  and. stored.  When  all  primary  zone  elements  of  equal  mixture 


ratio  have  been  computed,  the  kinetic  computation  begins  at  the  time  t  =  0  with  the  first 
element  of  a  new  fuel/air  ratio.  Using  the  present  example  this  is  to  say  that  when  ele¬ 
ment  1,  1,  0  has  been  computed  down  to  element  1,  n,  g,  the  computation  will  start  again 
with  the  element  2,  1,  0.  The  further  operation  is  analogous  to  all  elements  having  an 
primary  zone  equivalence  ratio  of  0^. 

2.2  THE  RECIRCULATION  MODEL 

Air  and  fuel  are  generally  supplied  to  the  combustion  chamber  at  conditions  below 
the  spontaneous  ignition  limit.  This  makes  it  difficult  to  start  a  kinetic  computation. 
Sometimes  equilibrium  assumption  is  used  to  start  the  reaction  while  other  authors, 

Ref.  5  ,  for  example,  allow  temperatures  above  the  spontaneous  ignition  temperature.  In 
the  model  developed  here  it  has  been  attempted  to  simulate  the  physical  process  of  com¬ 
bustion  being  stabilised  by  the  recirculation  of  hot  gas.  As  will  become  clearly  apparent 
from  Fig.  3,  taken  from  Ref,  8, an  element  of  fuel  and  air  entering  the  primary  zone  of 
the  combustion  chamber  will  mix  with  the  recirculating  exhaust  gas,  so  that  the  mixture 

will  ignite.  This  is  equivalent  to  an  enthalpy  allowance  Qr  in  Fig.  3.  When  the  element 

has  ignited  and  the  heat  Qc  has  been  released,  the  element  will  recirculate  and  in  turn 

become  a  source  of  ignition-  for  other  incoming  elements,  where  it  again  relinquishes  the 

previously  received  enthalpy  Q^.  Using  this  ignition  model  it  becomes  possible  to  do  re¬ 
action  kinetic  combustion  computations  for  all  combustion  chamber  inlet  temperatures, 

2.3  THE  REACTION  KINETIC  MODEL 

The  reaction  kinetic  model  illustrated  in  Table  1  consists  of  a  one  step  quasi  global 
reaction  rate  for  the  decomposition  of  the  fuel  into  carbon  monoxide  and  hydrogen  in 
accordance  with  Edelraan  (Ref.  6),  of  an  oxidation  equation  of  the  carbon  monoxide  into 
carbon  dioxide,  of  a  set  of  water  gas  reactions,  and  of  the  expanded  Zeldovich  mechanism 
for  the  description  of  nitric  oxide  formation.  The  vaporisation  of  fuel  is  described  by 
an  equation  analogous  to  the  chemical  reaction  equations.  Table  1  also  contains  the  con¬ 
stants  of  this  equation  which  are  taken  from  Ref.  7,  It  will  be  readily  possible  to  expand 
the  reaction  kinetic  model,  if  circumstances  require  it. 

2.4  PROGRAM  OUTPUT 

Ir.  order  to  give  an  idea  of  the  capacity  of  the  computer  model  developed,  let  us  here 
by  way  of  example  compute  a  highly  loaded  annular  vaporizer  combustion  chamber.  The  follow¬ 
ing  inlet  conditions  were  selected: 

p  =  15  bar 

T  =  673  K 

AFR  =  42/1 

Fig.  4  illustrates  the  contour  of  this  annular  combustion  chamber,  below  which  are 
plotted  along  the  centerline  of  the  chamber  the  mole  fraction  of  all  components  considered 
in  the  computation.  Inasmuch  as  the  primary  zone  is  considered  a  WSR,  the  concentrations 
of  the  various  components  shown  at  the  primary  zone  exit  in  Fig.  4  will  apply  to  the  entire 
primary  zone. 

The  primary  zone  exit  is  characterised  by  large  quantities,  of  H^O,  co2,  CO  and  H2, 
with  their  concentrations  all  of  the- same  order  of  magnitude.  The  radical  concentrations, 
such  as  O,  H  and  OH  are  of  a  lower  value. 

Immediately  downstream  ;of  the  primary  zone  further  oxidation  reactions  take  place 
and  reduce  carbon  monoxide,  hydrogen  arid  unburnt  fuel-,  causing  water  and  carbon  dioxide 
to  form.  The  NO  content,  too,  slightly  rises  in  this  intermediate  area  and  is-  indicative 
of  the  temperature  rise  in  this  zone. 

Downstream-of  the  large  mixing  zone  holes  changes  in  concentration-  will  be  caused  by 
dilution,  Only  radicals  arid  unburnt  fuel  will,  still  continue  to  react. 
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3.  COMPARISON  BETWEEN  MEASUREMENT  AND  COMPUTATION 
3.1  DESCRIPTION  OF  TEST  PROCEDURE 

In  order  to  arrive  at  a  comparison  between  values  computed  by  the  above  method  and 
experimental  results,  rig  tests  were  carried  out  on  an  annular  combustor,  in  which  both 
air/fuel  ratio  and  combustion  efficiency  distributions  were  derived.  A  general  arrange¬ 
ment  of  the  combustor  is  shown  in  Fig.  5,  and  only  a  brief  description  is  given  here  as 
this  type  is  fully  described  in  Ref.  9. 

The  fuel,  which  is  supplied  to  the  combustor  at  a  low  pressure,  together  with  some 
air  is  injected  into  a  number  of  "vaporisers"  via  fuel  tubes  which  are  bifurcated  at  the 
outlets  to  inject  equal  amounts  of  fuel  into  each  arm  through  metering  orifices.  The 
mixture  strength  is  arranged  to  be  much  too  rich  for  combustion  to  take  place  inside  the 
vaporiser.  The  mixture  is  heated  by  virtue  of  the  vaporisers  being  immersed  in  the  burning 
zone  and  then  exhausted  upstream  which  supports  the  recirculation  for  the  fundamental  sta¬ 
bilisation  of  the  process.  Further  air  for  combustion  is  then  introduced  through  primary 
air  ports,  a  percentage  of  which  recirculates  upstream.  The  remaining  air  is  injected 
through  a  series  of  film  cooling  rings  and  a  single  row  of  ports,  the  latter  providing 
the  air  for  trie  mixing  process,  prior  to  the  gases  entering  the  turbine. 

The  two  traverse  planes  considered  in  this  report  are  shown  in  Fig.  5.  Plane  AA  is 
conventionally  considered  as  the  primary  zone  exit,  and  BB  as  the  combustor  outlet.  The 
probe  used  for  gas  sampling  at  plane  AA  was  a  single  point  water  cooled  one,  mounted  at 
the  ccmbustor  outlet  and  protruding  into  the  chamber.  The  traversing  arrangement  allowed 
circumferential  movement  as  well  as  radial,  and  the  majority  of  tests  were  carried  out 
at  7  radial  positions,  each  at  a  centre  of  equal  area,  over  a  180°  sector.  From  previous 
tests  it  had  been  shown  that  this  size  of  sector  was  representative  of  the  whole  annulus. 
The  probe  was  traversed  continuously,  the  output  being  recorded  on  a  multi-channel  UV 
recorder.  From  the  traces  obtained,  values  were  read  off  every  6°  circumferentially. 

For  the  exit  traverse  a  5  point  water-cooled  gas  sampling  probe  was  used,  all  the 
points  being  connected  together.  A  360°  continuous  traverse  was  carried  out,  a  complete 
sweep  taking  about  9  minutes. 


3.2  ANALYSIS  EQUIPMENT 


a)  PRIMARY  ZONE 

A  diagrammatic  circuit  layout  for  primary  zone  analysis  is  shown  in  Fig.  6,  with 
instrumentation  identification  in  Fig,  6a.  The  sample  is  brought  from  the  water  cooled 
probe  to  the  equipment  through  a  steam  heated  line,  dividing  into  2  streams, X  and  Y. 
Sample  X  is  used  for  the  direct  measurement  of  C02  after  drying,  arid  CO  after  drying 
and  C02  removal.  Sample  Y -gives  the  total  C02  (dry)  produced  from  the  sample,  com¬ 
bustion  having  been  completed  by  passing  it  through  a  furnace.  Additional  air  is  added 
as  necessary  to  give  complete  combustion,  this  being  monitored  on  the  CO  1RGA,  which 
should  read  zero.  Measurements  are  made  of  the  added  air  flow,  the  total  flow  after 
the  furnace  and  the  added  flowmeter  delivery  pressure.  After  corrections  for  differences 
in  added  and  total  flowmeter  downstream  pressures  arid,  for  volume  changes  caused  by 
combustion  reactions  in  the  furnace,  the  sample  dilution  can  be  estimated  and  hence, 
using  the  furnace  C02  concentration,  the  sample  fuei/air  ratio. 


A  "burnt"  fuel/air  ratio  proportional  to  the  combustion  cq2  and  CO  values  Is  calculated, 
allowing  the  combustion  efficiency  to  be  computed  as  100  ( ^fuel/air^ra^io^^)  ^ 


b)  COMBUSTOR  OUTLET  - 

The  arrangement  used  for  combustor  outlet  analysis  is  basically  that  laid  down  by,  the 
Environmental  Protection  .Agency,  and  published  in  the  Federal  Register  Vol.  43  No;  58, 
Fig..  I.  Separate ^measurements  can  be  made. on  samples  from  both  .stationary  and  traver¬ 
sing  probes  .of  .COj,  CQ,  total  hydrocarbons,  NO  ,  NO  and  smoke  content,  .permitting  cal- 
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culation  of  component  emission  indices  combustion  efficiency  and  fuel/air  ratio. 

3.3  TEST  CONDITIONS 

For'  the  comparison  of  measured' arid  calculated  values  considered  in  this  paper,  the 
following  test  conditions  were  used: 

Combustor  iriiet  temperature  773  K 

Overall  air/fuel  ratio  38; 5/1 

Combustor  outlet  pressure  Atmospheric 

At  this  condition  both  the  primary  zone  outlet  arid  combustor  outlet  planes  are  presented. 
Tests  were  also  carried  out  under  high  pressure  conditions,  but  as  primary  zone  traverses 
were  not  possible  under  those  conditions,  these  results  are  unsuitable  for  comparison  with 
calculated' values . 

3.4  EXPERIMENTAL  RESULTS 
ATMOSPHERIC  OUTLET  PRESSURE 

The  air/fuel  ratio  and  combustion  efficiency  distributions  at  the  primary  zone  outlet 
are  shown  in  Figs.  7  and  8  respectively.  As  well  as  the  circumferential  variations,  the 
mean  radial  values  are  also  included. 

As  can  be  seen  there  is  a  very  wide  range  of  values  at  this  particular  plane,  indicating 
that  there  is  still  a  considerable  amount  of  mixing  and  combustion  stiil  to  take  place 
further  downstream.  As  might  be  expected  the  more  efficient  areas  are  in  general  those 
with  the  weakest  air/fuel  ratio. 

At  the;  outlet  plane  mean  values  of  air/fuel  ratio,  combustion  efficiency,  and  emission 
indices  for  co  and  CH4  were  obtained.  These  are  compared  with  calculated  values  in  a 
following  paragraph. 

3.5  COMPARISON  OF  CONCENTRATIONS  AT  PRIMARY  ZONE  EXIT 

The  measurements  made  of  local  AFR's  at  the  exit  of  the  primary  zone,  which  produced 
the  contours  of  Fig.  8,  permit  the  assumptions  made  in  the  computer  model  to  be  verified. 

The  most  important  of  these  is  that  of  a  Gaussian  normal  distribution  of  the  mixture  ratios 
in  the  primary  zone.  Fig.  9  is  a  statistical  analysis  of  the  AFR's  measured  in  the  form  of 
a  cumulative  function.  It  shows  that  the  proposition  of  a  normal  distribution  of  the  mixture 
ratios  actually,  holds  true  and,  thus,  that  the  assumption  in  the  model  agrees  very  well 
with  the  facts.  The  mixture  ratios  were  computed  from  the  measured  concenwations  of  carbon 
monoxide,  carbon  dioxide  and  unburnt  hydrocarboris,  so  that  for  these  components  a  comparison 
could  be  made  with  the  computation. 

Shown  for  comparison  in  Table  2  are  the  measured  and  the  computed  concentrations  of  car¬ 
bon  monoxide,,  of  unburnt  hydrocarbons  and  the  combustion  efficiency.  This  comparison  is 
considered  good  in  view  of  the  difficult  job  of  establishing  a  combustion  chamber  computer 
model.  The  fact  that  in'  the.  case  of  unburnt  hydrocarbons  the  difference  between  measurement 
and  computation  is  less  -than  a  factor  of  2  is  especially,  significant,  for  it  is  the  unburnt 
hydrocarbons  which  because  of  the  high,  reaction  rates  are  the,  most  difficult  to  predict. 

3.6  COMPARISON  OF  COMBUSTOR  EXIT  CONCENTWVTlb'NS 

The  measurements  at  the  combustion  chamber  exit  were  taken  on  the  same  unit  that  had 
previously  .been; used  for  primary  zone  'investigation. 

Fig.  10  as  Fig.  4  shows  the  computed  profile  of  concentrations  along  its  whole  axis. 

Plotted  on  this  diagram  for  comparison  are  the  measured  concentrations  of  CO  and  UHC  at 
the  primary  zone  exit  arid  at  the  end;  of  the  combustion  chamber.  Agreement  is  good,  with 
the  comparative  -values -  again  .listed  -iri  .■ Fig.  10. 

While  in  'these  tests  no  readings:  were,  taken  of  NO  emission;  they  are  known  for  this  com¬ 
bustion  chamber'  to-be  'EIho  =  35  g^/kg^,  at  the  combustion  chamber  exit  measured  at  15  bar. 
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Using  the  variation  of  NO  emission  with  pressure  of 

eino«p°'5 

an  index  of  9  g^/kg^,  is  determined  for  atmospheric  conditions,  which  agrees  well  with  the 
computed  figure. 

4.  POSSIBILITIES  OF  THE  PROCEDURE 

4.1  EFFECT.  OF  HOMOGENEITY 

The  degree  of  homogeneity  of  the  primary  zone  in  the  model  is  controlled  by  the  S- 
parameter,  which  is  a  measure  of  the  width  of  the  previously  mentioned  Gaussian  distribu¬ 
tion  function.  For  all  computations  made  so  far  a  value  of  S  =  0.5  had  been  selected.  This 
value  had  resulted  from  the  measurement  of  the  fuel/air  distribution  at  the  primary  zone 
exit. 

It  is  of  considerable  importance  to  the  assessment  of  the  computer  model  that  this 
value  of  the  S-parameter  gives  the  best  comparison  with  the  test  results  for  all  components 
and  that  it  is  not  necessary  to  select  a  different  S-parameter  for  each  component. 

In  a  combustion  chamber  computer  model  the  selection  of  a  mixing  parameter  S  as  it 
had  originally  been  defined  in  Ref.  4  and  has  here  been  further  developed,  provides  a  great 
advantage  in  that  effects  caused  by  variation  in  the  mixing  quality  can  be  generally  pre¬ 
dicted.  An  improved  injection  system  (e.g.  air  blast  atomizer)  or  an  increased  flame  tube 
pressure  loss  will  obviously  produce  a  more  homogeneous  mixture  in  the  primary  zone. 
Calculations  using  a  better,  i.e.  a  smaller  value  of  S  will  thus  be  able  to  predict  com¬ 
bustion  concentrations  for  more  homogeneous  conditions. 

For  the  reference  combustion  chamber,  where  the  best  agreement  of  computed  with  mea¬ 
sured  emission  values  both  in  the  primary  zone  and  at  the  combustion  chamber  exit  resulted 
from  an  S-parameter  of  0.5,  the  effect  of  the  mixing  quality  has  been  shown  in  Fig.  11a  -  c 
for  nitric  oxide,  carbon  monoxide  and  unburnt  hydrocarbons  (in  the  form  of  C8H16)*  With  the 
combustion  chamber  configuration  selected  here,  the  emissions  are  reduced,  as  the  mixing 
quality  improves. 

In  the  case  of  NO,  with  an  improvement  in  homogeneity  from  S  =  0.5  to  S  =  0.3,  the 
reduction  is  !not  very  large,  but  is  much  greater  for  CO  and  UHC. 

The  curves  of  Fig.  11a  -  c  are  merely  meant  to  serve  as  an  example  for  the  possible 
applications  of  the  combustion  chamber  computer  programm.  They  do  not  apply  generally,  be¬ 
cause  at  other  flov  distributions  of  combustion  chamber  conditions  the  curves  may  well  be 
different  in  shape  as  well  as  quantitatively.  This  has  been  confirmed  by  a  large  number  of 
calculations. 

4.2  EFFECT  OF  GEOMETRIC  CHANGES 

The  computer  process  will  also  be  able  to  estimate  the  effect  of  a  change  in  air  distri¬ 
bution.  In  Figs.  12a*b,  the  dilution  holes  have  been  divided  into  two  rows,  having  the 
same  total  effegtive  area  as  .previously.  They  compare  axial  concentrations,  temperature 
and  combustion  efficiency  profiles  for  the  old  and  the  modified  combustor. 

This  modification  clearly  causes  the  temperature, profile  to  flatten  out  at  a  lower 
final  value,  which  is  accompanied  by  a  lower  combustion  efficiency  (Fig.  12a).  Carbon  mon¬ 
oxide  and  uhburnt  hydrocarbons  are  quenched  earlier  than  with  the  reference  configuration, 
which  raises  the  concentration  at  the  combustion  chamber  exit  of  both  components  (Fig.  12b). 
Nitric  oxide  responds  in  the  opposite  fashion,  its  final  concentration  being  clearly  below 
that  of  the  reference  configuration. 

The  production  of  NO  is  stopped  in  the  zone  between  the  row  of  primary  holes  and 
mixing  holes.  The  concentration  of  the  primary  zone  exit  is  merely  diluted.  This  example 
reflects  known  phenomena,  such  as  the  opposite  CO-NO  response,  the  effect  of  temperature 
on  NO,  etc.,  which  emphasises  the  general  accuracy  of  the  model. 
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4.  PARAMETERS  AFFECTING  THE  COMBUSTION  EFFICIENCY 


Evaluation  of  the  computed  results  relative  to  the  axial  profile  of  combustion  effi¬ 
ciency  or  to  ths  components  affecting  combustion  efficiency  provides  interesting  and  ge¬ 
nerally  applicable  information. 


From  the  computed  concentrations  of  the  components  the  combustion  efficiency  can  be 
determined  using  the  relationship 


■i[%1=  100  -  o.i  EEIi  Qj/QF 

where  Q.  are  the  calorific  vaiues  of  the  components  i  and  where  Q,.  is  the  calorific  value 
of  the  fuel.  Fig.  13  shows  how  much  the  various  components  i  will  affect  the  total  combus¬ 
tion  efficiency. 

The  values 


Eli  Q: 
E  Eli 

4. 


are  plotted  along  -the  combustion  chamber  axis. 

In  the  primary  zone  it  is  the  unburnt  hydrocarbons  and  the  carbon  monoxide  which  main¬ 
ly  affect  the  combustion  efficiency,  with  hydrogen  contributing  a  moderate  14  %,  all  other 
components  being  negligible.  These  effects  change  considerably  towards  the  end  of  the  com¬ 
bustion  chamber.  Carbon  monoxide  and  hydrogen  contribute  to  the  loss  in  efficiency  4^  to 
the  same  degree  as  in  the  primary  zone,  whereas  the  unburnt  hydrocarbons  are  now  less  im¬ 
portant,  The  effects  of  OH  radicals  and  0  atoms,  which  have  not  yet  recombined  at  the  com¬ 
bustion  chamber  exit,  are  increasing.  Since  in  gas  analysis  the  combustion  efficiency  at  the 
combustion  chamber  exit  can  generally  be  determined  only  by  means  of  the  unburnt  hydro¬ 
carbons  and  carbon  monoxide,  approximately  50  %  of  incompletely  oxidated  components  are  thus 
neglected. 

5.  CONCLUSION 

It  can  be  shown  that  the  proposal  by  Fletcher  and  Heywood,  Ref.  1,  to  represent  an 
heterogeneous  reacting  combustion  chamber  primary  zone  by  using  a  probability  function  of 
the  mixture  ratios  and  a  probability  function  of  the  residence  times  can  also  be  applied 
to  the  calculation  of  the  carbon-monoxide  emission  and  unburnt  hydrocarbons.  To  achieve  this 
the  proposal  in  Ref.  1  had  to  be  further  extensively  developed.  A  new  model  for  the  recir¬ 
culating  of  energy  and  exhaust  gas  would  have  to  be  developed  to  make  available  the  proper 
starting  conditions  for  a  detailed  reaction  kinetic  mechanism  waich  would  have  to  contain 
an  equation  which  considers  the  vaporization  of  the  fuel.  During  the  development  of  the 
method  it  clearly  became  apparent  that  the  transition  from  the  primary  zone  (the  WSR)  to 
the  downstream  combustion  chamber  zones  (the  PSR's)  has  to  be  simulated  differently  from 
Ref.  1.  It  was  necessary  to  follow  every  individual  element  generated  in  the  combustion 
chamber  primary  zone  through  the  combustion  chamber  to  the  exit  and  to  add  to  it.  discrete 
air  quantities  in  accordance  with  the  combustion  chamber  configuration  and  inlet  conditions. 

The  comparison  of  the  calculated  and  the  measured  concentrations  at  the  exit  of  the 
primary  zone  and  at  the  exit  of  the  combustion  chamber  showed  good  agreement,  this  agree¬ 
ment  being  arrived  at  with  one  .mixing  parameter  for  all  components  which  wore  investigated. 

Sample  calculations  show  that  this  combustion  chamber  calculation  method  is  able  to 
effectively  assist  the  combustion  engineer  ..in  the  development  of  a  combustion  chamber,  as 
it  enables  predictions  to  be  made  of  the  effect  of  geometric  modifications  on  the  combustion 
characteristics  of  the  combustion  chamber. 
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Table  Is  Reaction  Kinetic 'Mechanism 


Measurement 


Calculation 


EIco  gcoAgF 

585 

648 

eiuhc  gimc/kgF 

317 

212 

eino  %oAgF 

NA** 

9.1 

54.5 

55. 2 

**Not  Available 

*For  determination  of  combustion  efficiency  the  following 
formulas -were  taken: 

EXC0 

Measurement:  100  -  =  -0.1  +  -— — 


Calculation:  Formula  given  in  text  regarding  all  unburnt  species 
(Chapter  4) 


Table  2:  Comparison  of  Measured 'and  Computed  .Values  at  Primary 
Zone  Exit 
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Fig.  7:  Measured  Air/Fuei  Ratio  Dsitieibution  at  the  Primary  Zone  Outlet 
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Fig.  9:  Measured  Fuel/Air  Distribution  Curves  at  Primary  Zone  Outlet 


Fig.  10:  Comparison  of  Measured  .and  Computed  Concentrations 
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Fig.  11a  -  c:  Influence  of  Koraogerieity  on  NO,  CO  and  UHC 
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Fig.  12as  Influence  of  Additional  Holes  on  Temperature  and  Efficiency 
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Fig.  12b:  Influence  of  Additional  Holes  on  Axial  Concentrations 


DISCUSSION 


P.Gastebois,  Fr 

Comment  modelisez-vous  1’introduction  dc  1’air  de  dilution?  Esf-ce  un  melange  brutal  ou  introduiscz-vous  une  loi 
de  melange  entrc  Fair  de  dilution  et  les  gaz  en  combustion? 

Author’s  Reply 

We  did  not  make  an  infinite  mixing  assumption  for  the  dilution  and  cooling  air.  We  look  for  the  data  of  the  air 
distribution  from  a  previous  aerodynamic  calculation  and  used  a  mixing  law  according  to  the  equation: 

mj  =  [(x  —  xj)/(xM  —  xj)]°-s  Mj 

Ms  total  air  in  the  plane  (e.g.  dilution  air) 
x  axial  position  downstream  of  the  injection  plane 
Xj  axial  position  of  the  injection  plane 
xjvi  mixing  length  of  the  jets 
mj  mixed  fraction  of  air  at  position  x 

The  mixing  length  xj  was  taken  from  previous  water  model  tests. 


Comment  by  D.T.Pratt,  US 

The  coalescencc/dispersion  model  for  reacting,  segregated  flow  described  in  Paper  15  was  devised  in  part,  to 
overcome  the  difficulties  of  the  Fletcher-Heywood  “a”-model  which  is  the  basis  of  this  paper. 

The  advantages  are  the  following: 

( 1 )  Fuel  and  air  need  not  be  premixed  and  o-distributed. 

(2)  No  a  priori  assumption  w.r.t.  residence-time  distributions  need  be  made. 

(3)  No  special  assumptions  to  effect  recirculation-ignition  problems  are  required. 

(4)  No  additional  computational  work  is  required. 

(5)  A  single  parameter  (0  vs  o)  controls  both  F1A  mixing  distribution,  recirculation-ignition,  and  decaying 
exponential  residence  time  distribution  all  of  these  advantages  are  gained  by  using  a  stochastic  (C/D)  vs  a 
deterministic  (a)  model! 

(6)  Flame  extinction  (blowout)  may  be  predictable. 


J.B. Michel,  Ne 

What  was  the  nitrogen  content  of  the  fuel  that  you  utilized  and  did  you  take  into  account  the  fact  that  you  did  not 
have  a  mechanism  for  “NO  fuel”  formation?  Do  you  believe  that  your  predictions  of  NOx  are  realistic? 

Author’s  Reply 

As  the  fuel  which  was  used  for  the  experimental  tests  had  no  nitrogen  content,  there  was  no  need  to  account  for  a 
“NO  fuel”  formation  mechanism.  But  some  other  results  from  reaction  kinetic  calculations  using  the  assumption, 
that  the  fuel  bound  N  is  present  as  free  N  atoms  in  the  hydrocarbon  decomposition  phase  showed  the  same  trends 
as  those  from  published  tests. 

The  NOx  predictions  showed  good  agreement  with  measurements  taken  from  a  high  pressure  test  and  scaled  down 
to  atmospheric  conditions  by  the  well  known  pressure  dependence  (see  Figure  10). 


S.Wittig,  Ge 

Did  you  perform  a  sensitivity  analysis  of  your  model  with  respect  to  the  reaction  kinetics?  Is  the  resulting  axial 
temperature  profile  in  agreement  with  selective  measurements? 

Author’s  Reply 

We  did  not  perform  a  sensitivity  analysis  with  respect  to  the  reaction  kinetics  except  for  the  vaporisation  equation 
which  has  been  included  in  the  kinetics.  Calculations  showed,  that  this  equation  affects  the  unbumt  hydrocarbons 
with  increasing  combustor  inlet  pressure. 

The  mean  exit  temperature  is  ;n  agreement  with  the  measurements,  but  it  is  not  possible  to  measure  temperatures 
by  thermocouples  inside  the  combustor.  Nevertheless  the  agreement  of  primary  zone  efficiencies  also  reflect  a 
temperature  agreement. 
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SUNMARY 

For  operating  conditions  where  the  fuel  evaporation  rate  is  fast  compared  to  the  fuel  vapor/air  mix¬ 
ing  rate,  a  characteristic  time  model  has  been  formulated  to  predict  gaseous  emissions  and  efficiency  in 
terms  of  combustor  inlet  conditions  and  geometry.  The  model,  which  involves  kinetic  and  fluid  mechanic 
times,  has  been  used  to  design  low  N0X  burners,  and  study  of  several  different  conventional  engine  com¬ 
bustors  suggests  that  the  correlation  may  be  universal.  A  related  model,  which  includes  a  fuel  droplet 
evaporation  time,  .is  being  validated  with  data  from  laboratory  combustors  for  spark  ignition  and  lean 
flame  stabilization.  The  preliminary  application  of  this  latter  model  to  engine  situations  is  described. 

LIST  OF  SYMBOLS 

A  surface  area  cf  spark  kernel  at  the  quenching  distance 

a  empirical  constant 

B  mass  transfer  number  for  evaporation 

Cpa  ambient  specific  heat  at  constant  pressure 

D  disc  diameter 

II  Damkohler  number  at  blowout 

D„  Damkohler  nunber  for  CO  oxidation 

co 

D  Damkohler  nunber  for  NO  formation 

no 

d  tube  diameter 

clconb  combustor  diameter  at  quench  location 

dQ  Sauter  mean  diameter  of  fuel  spray 

dq  quenching  distance 

Em-r)  minimum  spark  ignition  energy 

El  emissions  index  (g  pollutant/kg  fuel) 

k  anbient  thermal  conductivity 

a 

*co  effective  CO  quench  length  (*^>quench  ♦  d^)'1 

i>i  air  addition  site  where  species  i  quenches 

*no  effective  NO  quench  length  ((^quench70030)"1  +  dcLb)_1 

£pri  length  from  fuel  injector  to  primary  air  penetration  jets 

m„  conbustor  air  flow  rate 

a  - 

™apz  primary  zone  air  flow  vrate 

P  -.combustor  'inlet  pressure 

lower  heating  value  of  species  i 
R  universal  gas  constant, 

r  correlation: coefficient 

T  absolute  tenperature 

T  mean:tenpefature-(i'5f^  +  .ST^); 

Tco  (X):  oxidation,  tenperature  (.SST^  +  ;15Tp 


24-2 


T-n  inlet  air  temperature 

efficiency  oxidation  temperature  (.OT^  +  .1TJ 
burned  gas  temperature  at  equivalence  ratio  4> 

T^=1  adiabatic  stoichiometric  flame  temperature 

V  mixture  velocity  in  spark  gap 

Vann  air  velocity  in  plane  of  flameholder 

Vv  fuel  injection  velocity 

Vre£  reference  velocity  at  maximum  combustor  cross-sectional  area 
velocity  estimate  in  NO  forming  region 


a 

e 

AT 


<f>=l 


ambient  thermal  diffusivity 
effective  evaporation  coefficient 
stoichiometric  temperature  rise 
combustion  efficiency 
air  swirler  vane  angle 
ambient  density 

standard  deviation  from  least  squares  fit 


Tco 

characteristic 

time  for  00  oxidation 

Teb 

characteristic 

time  for  fuel  evaporation 

T 1 

Teb 

(TW 

Tfi 

characteristic 

time  for  fuel  injection 

Tfi 

CW 

Thc 

characteristic 

time  for  fuel  ignition  delay 

T  t 

Thc 

Tno 

characteristic 

time  for  NO  formation 

Ts* 

characteristic 

time  for  heat  conduction 

Tst,co 

00  oxidizing  eddy  lifetime  . 

Tst,no 

NO  forming  eddy  lifetime 

kinetic  time  for  combustion  efficiency 
overall  equivalence  ratio 
prechamber  equivalence  ratio 


1.  INTRODUCTION 

Gas  turbine  combustor  design  engineers  would  find  extremely  useful,  quantitative  models  for  combustion 
efficiency,  emissions,  flame  stabilization,  smoke  and  radiation,  ignitability  and  altitude  relight,  and 
exit  temperature  traverse  quality,  Air  loading  correlations  have  frequently  proven  convenient  for  some  of 
these  performance  parameters  when  combustors 'are  of  dissimilar  scales  but  identical  geometry  and  when  mix¬ 
ing  of  fuel  vapor  with  air  occurs  more  slcwly  than  the  rate  of  fuel  evaporation  (i.e. ,  aviation  specifica¬ 
tion  fuels  with  properly  designed. atomizers).  Lefebvre  and  co-workers  (1,2)  give  examples  of  these  scal¬ 
ing  parameters,  which  currently  are  in, wide  use  by  industry,  for  combustion  efficiency  and  the  blcwoff 
limit. 

However*.  both  the  current  interest  in  lew  emissions  combustors,  of  exotic  geometry  (3)  and  the  de¬ 
graded  fuels  to  be  available  in  the  future  (4)  require  extrapolations  of  these  models,  and  in  some  cases 
applications  to  situations  for  which  they  were.never  intended.  Thus  there  is  substantial  reason  to  devel¬ 
op  hew  correlations  and  calcuiational  procedures  which’  include  more  explicitly  the  effects  of -combustor 
design  and  fuel  properties. 

About  ten  years  ago,  in  response  to  a  growing  concern  over  aircraft  air  pollution,  a  number  of  chemical 
reactor  network  models  were. constructed  (5,6).  Chemical  kinetics  were  emphasized  since  i.t  was  known  that 
the  pollutants  were  not  in  local  equilibrium  in  the  combustor  exhaust  plane,  and  the  fluid, mechanics  wer a 
modeled  via  series  or  parallel  flow  modules  consisting  of  perfectly  or  partially  stirred,  aid  plug  flow  re¬ 
actors.  The  fuel  spray-in  its  liquid  fonn  was  usually  ignored.  Generally  speaking,  the  models  were  too 
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coarse  to  correlate  and  predict  gaseous  emissions  (6) . 

More  recently,  the  research  community  has  shewn  feasible  the  use  of  multi- dimensional  turbulent,  ellip¬ 
tic,  reacting  flow  codes,  some  two-phase  because  the  liquid  fuel  injection  is  modeled.  The  interested  read¬ 
er  is  referred  to  (7)  for  a  recent  review  and  to  (8)  —  (16)  for  the  latest  work;  additional  approaches  have 
been  discussed  at  the  present  Symposium.  Usually  limited  to  predictions  of  gaseous  emissions,  efficienc> , 
and  pattern  factor,  such  detailed  models  are  expected  at  best  to  provide  insight  into  the  nature  of  the  com¬ 
plex  flow  in  turbine  engine  combustors,  qualitative  trends  may  be  predicted  as  well,  but  quantitative  agree¬ 
ment  would  most  likely  be  fortuitous,  a  result  of  oversimplification  of  the  spray,  turbulence,  and  chemistry 
submodels,  the  frequent  ignorance  of  the  proper  treatment  of  submodel  interactions,  conputer  size  limita¬ 
tions,  and  numerical  inaccuracies  (7).  It  is  interesting  to  note  that  hybrid  models,  combinations  of  the 
chemical  reactor  and  finite  difference  approaches,  are  expected  by  some  workers  to  be  potentially  more  use¬ 
ful  (8,9,17). 

Although  progress  with  these  detailed  codes  has  been  rapid  and  encouraging,  for  near  term  applications 
more  simple  and  less  expensive  techniques  are  also  desirable  for  design  purposes.  The  characteristic  time 
approach  (6),  the  subject  of  the  present  paper,  represents  one  method  in  this  category;  developed  from 
stud>’  of  simplified  bluff-body  stabilized  flames  for  spark  ignition,  lean  flame  stabilization,  gaseous 
emissions,  and  combustion  efficiency,  it  is  extendable  to  practical  hardware  as  well.  Brief  descriptions 
of  model  derivation  and  applications  to  date  will  be  presented  in  the  foil wing  sections. 

2.  CHARACTERISTIC  TIME  APPROACHES 


The  identification  of  important  time  scales  characteristic  of  chemically  reacting  flows  has  been  uti¬ 
lized  by  many  investigators.  For  example,  Damkohler  (18)  considered  flame  stabilization,  Karlovitz  et  al. 
(llj  turbulent  premixed  flames,  and  several  workers  have  applied  these  ideas  to  gas  turbine  combustion  (20- 
24).  The  concept  involves  identification  of  relevant  subprocesses  (fuel  evaporation,  turbulent  mixing, 
and  chemical  kinetics)  where  for  quantitative  applications  the  characteristic  times  must  be  evaluated  in 
the  flow  region  responsible  for  the  phenomenon  of  interest.  TJhis  region  for  ignition  is  easily  identified 
as  the  spark  gap.  In  a  conventional  combustor,  the  stoichiometric  contour  in  the  shear  layer  between  the 
recirculation  zone  and  the  main  flow  is  important  to  both  NO  formation  and  flame  stabilisation,  whereas  the 
leaner  regions  near  the  combustor  walls  determine  CO  and  HC  emissions  and  thus  combustion  efficiency  (6) . 

The  characteristic  times  in  current  use  are  defined  in  Table  1;  there  has  been  extensive  development 
of  their  particular  forms,  which  will  be  discussed  in  the  following  sections,  since  their  original  formula¬ 
tion  (6).  For  cases  where  fuel  evaporation  is  non-negligible,  a  mean  spray  droplet  lifetime  is  evaluated 
as  the  Sauter  mean  diameter  squared  divided  by  the  fuel  evaporation  coefficient  modified  for  forced  convec¬ 
tion.  The  latter  is  evaluated  for  conditions  expected  to  be  typical  of  the  combustor  primary  zone,  where 
the  spray  evaporates,  and  includes  the  dependence  on  fuel  volatility.  The  mean  diameter  is  primarily  a 
function  of  fuel  viscosity.  Thus  changes  in  fuel  properties  or  injector  are  reflected  in  the  quantity  xe5, 
the  fuel  droplet  lifetime. 


TABLE  1.  Characteristic  Times  for  Ignition,  Combustion,  and  Pollutant 
Formation  in  TWo-phase  Turbulent  Flow 


Time 

Symbol 

Sinplified  Combustors 

Turbine  Combustors 

Liquid  Fuel  Evaporation: 

Fuel  Droplet  Lifetime 

Turbulent  Mixing: 

Teb 

dJ/6 

d2/B 

Eddy  Dissipation  Time  for 
Injected  Fluid 

Tfi 

Vf  Teb/Vann 

9 

Eddy  Dissipation  Time  in  the 
Shear  Layer  where  NO  forms 

Ts£,no 

D/Vl 

3^ 

o 

il 

Eddy  Dissipation  Time  in  the 
Shear  Layer  where  CO  and 

HC  Oxidize 

Ts&,co 

D/V  , (D-d)/V 
'  ann’v  ’  ann 

^co^ref 

Conductive  Heat  Transfer 

Time  (Stagnant  Mixture) 

Ts* 

A/a 

— 

Chemical  Kinetics: 

NO  Formation  Time 

Tno  (msec:) 

10"12  ex)(135  kcal/mole/RT^) 

10“12 

exp(135  kcal/mole/RT^  j) 

00  Oxidation  Time 

tcq  (msec) 

l(f 1  exp(3.1  kcal/mole/RTco) 

10'3 

exp (10. 76  kcal/mole/RT) 

Fuel  and  CO  Oxidation  Time 

Tn  (msec) 

:.0'2  e>p(4.S  kcal/mole/RTn) 

10' 2 

exp (4. 5  kcal/mole/RT^) 

Fuel  Ignition  Delay  Time 

Thc  (,nsec) 

10"4  e)p(21  kcal/mole/RT)/<j> 

10' 4 

exp (21  kcal/mole/RT) /$ 

Several  fluid  mechanic  times  have  been  found  important.  The  quantity  t£,  is  associated  with  fuel  in¬ 
jection,  while  the  various  Tg^'s  in  Table  1  are  related  to  large  scale  mixing  in  the  shear  layer  as  deter¬ 
mined  by  the  air  addition  scheme  along  the  combustor  liner.  For  sinplex  pressure  atomizers,  the  fuel _ pene¬ 
tration  tine  ifw  is  evaluated  as  the  product  of  the  initial  fuel  injection  velocity  and  the  droplet  life¬ 
time,  normalized  by  some  air  velocity;  for  the  .laboratory  flames,  the  air  velocity  in  the  plane  of  the 
flameholder  (V„nn)  is  used;- 

In  both  the  simplified  and  practical  combustors,  as  noted  above  CO  (and  unburned  hydrocarbons,  HC)  and 
NO  are  found  to  originate  in  differing  regions  of  the  fiames.  Thus  two  mixing  times  are  required,  one  for 
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each  species.  Both  are  defined  in  terms  of  a  significant  length,  a  function  of  combustor  geometry,  and  a 
characteristic  velocity,  given  by  the  combustor  inlet  conditions.  Particulars  will  be  reviewed  in  the  sec¬ 
tions  to  follow.  Last,  for  the  special  case  of  ignition  in  quiescent  sprays  x,,.  has  been  defined  as  a  heat 
conduction  time,  the  ratio  of  the  surface  area  of  the  spark  kernel  evaluated  at  the  quenching  distance  to 
the  thermal  diffusivify  of  air. 

Four  kinetic  times,  all  in  Arrhenius  form,  have  been  found  useful.  They  describe  the  rates  of  NO  for¬ 
mation  (tn9),  CO  oxidation  (xco),  fuel  and  00  oxidation  jumped  to  correlate  combustion  efficiency  (xn), 
and  an  ignition  delay  tit®  for  flame  stabilization  (x^) .  This  last  time  includes  the  equivalence  ratio 
explicitly  since  at  the  lean  limit  the  rate  is  expected  to  be  first  order  in  fuel  concentration.  The  acti¬ 
vation  energies  arid  choice  of  reaction  temperatures  for  all  of  the  kinetic  characteristic  times  are  deter¬ 
mined  from  conibustor  inlet  tenperature  variations;  the  pre- exponential  factors  are  chosen  so  that  the  ki¬ 
netic  times  are  of  order  of  msec.  Note  that  these  kinetic  times  are  primarily  a  function  of  combustor  in¬ 
let  conditions,  overall  equivalence  ratio,  and  fuel  heating  value. 

Thus  fuel  properties,  combustor  geometry  and  inlet  conditions  are  all  included  in  the  characteristic 
time  model.  Appropriate  combinations  of  these  times  should  therefore  correlate  the  spark  ignition  and  lean 
blowout  limits,  CO  and  NO  emission  indices  (g  pollutant/kg  fuel),  and  combustion  efficiency.  Note  that  all 
of  the  characteristic  times  are  chosen  only  to  include  the. expected  trend  with  a  variation  in  fuel,  com¬ 
bustor,  or  cycle  design,  and  of  course  are  not  exact  quantities.  Hence  qualitative  trends  can  be  encom¬ 
passed  in  the  model,  but  experimental  data  are  required  to  quantify  the  model,  which  is  thus  semi-empirical. 
As  noted  previously,  success  requires  recognition  of  that  portion  of  the  combustor  flow  limiting  to  the 
phenomenon  of  interest.  In  the  following  sections  we  chart  progress  in  model  validation. 

3.  SPARK  IGNITION  AND  FLAME  STABILIZATION 

The  stabilization  of  premixed  turbulent  flames  can  be  thought  of  in  terms  of  the  relevant  Damkohler 
number  a  constant  in  the  limit';  specifically,  for  Damkohler  number -taken  as  the  ratio  of  a  turbulent  mixing 
time  to  an  ignition  delay  time,  the" limit  is  defined  when  the  ratio  equals  unity: 

>1  stable 

®bo  si,co  he  .<  ^  unstable  ^ 

This  criterion  simply  states  that  the  residence  time  (replaced  by  a  turbulent  fluid  mechanic  time  following 
Spalding  (2S))  precisely  equals  the  fuel  ignition  delay  time  at  the  limit.  Recognizing  that  neither  of 
these  characteristic  times  can  be  estimated  exactly  in  a  combustor,  Eq.  (1)  is  replaced  by  the  limit  equa¬ 
tion 


X  „  'V 
Si, CO 


he’ 


(2) 


Zukoski  and  Marble  (20) ,  and  more  recently  Altenkirch  and  Mellor  (24) ,  have  argued  that  both  times  in 
Eq.  (2)  must  be  evaluated  in  the  shear  layer  between  the  fresh  air  and  the  recirculating  fuel/bumed  gas 
mixture.  Zukoski  (26)  further  discusses  Eq.  (2)  for  two-dimensional  and  axisymmetric  flows;  we  limit  our 
attention  here  to  the  latter  case.  Note  that  X}jC  must  be  evaluated  at  the  highest  flame  tenperature  attain¬ 
able  in  the  flame,  since  the  corresponding  physical  regions  of  the  flow  will  be  the  last  to  extinguish. 

a.  Premixed  Turbulent  Flames  (Afterburners)  -  Lean  Blowoff 


Plee  and  Mellor  (27)  have  used  premixed  turbulent  flame  stabilization  data  obtained  by  Ballal  and 
Lefebvre  (28),  for  the  bluff-body  flameholder  depicted  in  Fig.  1A,  to  quantify  Eq.  (2).  For  inlet  tenper¬ 
ature  variations  from  300  to  S7S  K  with  gaseous  03%  as  fuel  the  apparent  activation  energy  in  tfic  was 
found  to  be  21  kcal/mole.  Acceleration  of  the  reactants  as  they  flow  past  the  recirculation  zone  was  ac¬ 
counted  for  by  a  density  (i.e.,  tenperature)  correction  to  the  velocity  in  the  plane  of  the  flameholder 
Vann»  that 


(S 


Xjic  =  10  ^  exp  (21  kcal/mole/RT)/'^  msec 


(4) 


and  the  blowoff  limit  condition  becomes 
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In  the  above  D  is  flameholder  diameter  (a  measure  of  the  length  of  .-the  recirculation  zone),  and  T^  is  in¬ 
let  tenperature -of  the. premixed  reactants,.  As  was  noted  the  kinetic  tenperature  T  in  Eq.  (3)  through  (S) 
must  be  evaluated  at  the  maximum  tenperature  available  in  the  system,  so  it  is  taken  as  the  adiabatic 
flame,  tenperature  at  the  approach  equivalence  ratio  . 

The  blowoff  iimit  correlation  is  shown  in  Fig.  2  for  the  premixed  data  of  Ballal  and  Lefebvre  (28). 
The  limit  equation  given  in  the  figure  is 
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=  7,11^-0.46 


(6) 


where  T  and- 4  are  evaluated  just  prior  to  blowoff.  Operation  at  conditions  above  the  least  squares  line  is 
stable,  and  in  Fig.  2  it  is  shown .how  one  can  approach  the  limit  by  either  increasing  the  inlet  velocity  or 
decreasing  the  equivalence  ratio.  The  quantity  r  is  a  correlation  coefficient  (r  =  1.00  is, perfect),  and 
qy  is  the- standard,  deviation  (27), 

'  Npte  that  correlation  (6). does.  not  include  the  approach. flow  turbulent  intensity  explicitly,,  as  do 
other  correlations  (28) .  Most  likely  some,  of  the  scatter  of  Fig.  2  is  due  to  neglect  of  intensify  varia¬ 
tions,  but  since  turbulence  paranieters  are  rarely  known  in  the  practical  case,  a  direct  correlation  in 
terms  of  inlet  velocity  V^nn- is  preferred.  Also,  turbulence-chenustfy  interactions  (26)  are  ignored  since 
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Figure  1.  Schematic  of  three  simplified  bluff 
body  stabilized  flames. 


Figure  2.  Characteristic  time  correlation  for 

lean  blowoff  in  a  bluff  body  stabilized 
flame  burning  gaseous  propane  (Fig.  1A). 


fluid  mechanics  and  reaction  rates  are  treated  separately  in  Eq.  (6).  Because  the  apparent  activation  en* 
ergy  is  determined  empirically,  perhaps  its  value  reflects  these  interactions  since  it  is  different  from 
pure  kinetic  values  defined  in  a  similar  spirit  (29,30,31).  In  any  case  Eq.  (6)  provides  a  design  tool 
which  incorporates  variations  in  flarneholder  geometry  and  inlet  conditions. 


b.  Partially  Prevaporized  and  Premixed  Flames  (Prechamber  Combustors)  -  Lean  Blowoff 


For  Configuration  B  of  Fig.  (1),  data  obtained  by  Plee  and  Mellor  (32)  have  also  been  correlated  (27). 
Fuels  tested  were  liquid  C^Jg,  which  flash  evaporates  at  the  inlet  conditions,  and  Jet  A,  which  partially 
evaporates  in  the  fuel  preparation  tube,  designed  .to  minimize  the  posibility  of  flashback  (33).  The  pres¬ 
ence  of  liquid  fuel  was  found  to  narrow  the  lean  limit  due  to  the  time  required  for  evaporation;  therefore 
Eq.  (5)  becomes  (27) 


T  „  x/ 

st, co  he 
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(7) 


*  Thc  +  aTeb  (8) 

where  the  quantity  a  must  be  determined  empirically.  Eq.  (7)  and  (8)  imply  that  the  fuel  must  partially 
evaporate  before  the  homogeneous  kinetics -can  lead  to  ignition. 

The  characteristic  length  for  Configuration  B  is  disc  diameter  less  tube  diameter,  and  tur  is  defined 
by  Eq.  (4)  with  4>  the  tube  equivalence  ratio  (<Jt)  and  T  the  mean  of  (Ta,  +  Tin)  or  (TA=1  +  T.„)  for  >  1; 
Teb  1S  fii-ven  in  Table  1.  A  result  similar  to  that  shown  in  Fig.  2  is  given  by  Plee  and  Mellor  (27)  with 
the  correlation 
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2.24  (r£c  +  0.011r;b)  +0.06. 


(9) 


Note  that  the  empirical  value  of  the  constant  a  in  Eq.  (9)  has  no  physical  significance  since  the  charac¬ 
teristic  times  are  only  order-of-magnitude  .estimates ;  however,  liquid  fuel  properties  and  injector  design 
are  not  implicitly  included  in  the  model  via  teb. 

c;.  Liquid  Fueled  Turbulent  Diffusion  Flames  with  Negligible  Fuel  Penetration  (Conventional  Combustors) 
-  Lean  Blowoff 

Plee  and.Mellbr  (32)  have  in  addition  reported  data  for  Configuration  C  in  Fig.  1.  In  the  case  where 
fuel •penetration,  is  negligible  (upper  flame  of  Fig.  3),.  the- flame  is  mixing  controlled,  that  is,  the  rate 
of  mixing  of  fuel  vapor  .with  air,  rather  than  the  evaporation  rate  of  liquid  fuel,  determines  the  heat  re- 
lease  rate  (34).  This  is  the  |ituation, usually  encountered: in  practical  conventional  combustors  burning 
aviation  specification  fuels', with  proper  injection  techniques  (35).  Kinetics,,  of  course,  influence  the 
Fdxingjdqminated (flame.  If  T  in  Eq.  (4)  is  taken,  as  the  adiabatic,  stoichiometric  flame  temperature  Ta=i 
(the  mardmum  tenperature  in.,  a.  diffusion  flame)  and^  the -overall'  equivalence  ratio  at  blowoff,  then, the 
limit  is,  shown ,-in  Fig.  4  and  .given by 

Tst,co  =  1-47^Thc  +  °-01lT;b)  +  °i°8-  (10) 

Note  the  similarities,-, of  Eq.  (9)  and  (10).  In  fact  all  three  configurations  of  Fig.  1  can  be  correlated 


Figure  3.  Burner  schematic  illustrating  the  effect  Figure  4.  Characteristic  time  correlation  for 
of  fuel  penetration  on  flame  structure.  data  obtained  on  the  disc- in-duct 

(Fig.  1C)  flameholder  (negligible 
fuel  penetration  effects). 

together:  the  result  is  shown  in  Fig.  S  with  the  universal  correlation 
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l.saer-c  +  0.011r;b)  +  0.04 


(11) 


where  the  terms  used  in  xsi  co  depend  on  flameholder  design  and  those  in  xhr  on  the  nature  of  the  flame 
(premixed,  partially  prevapirized  and  premixed,  or  unmixed  liquid  fuel  and  air). 

Eq.  (11)  gives  the  lean  blowoff  limit  in  terms  of  "variations  in  pressure,  inlet  temperature,  refer¬ 
ence  velocity,  flameholder  geometry,  housing  diameter,  fuel  type,  and  injector  size  .  .  .  Knowledge  of  the 
flameholder  configuration  inlet  conditions  and  atomization  determines  xrJ>  and  x'b;  from  these,  xi'  can 
easily  be  computed  that  is  a  function  of  the  inlet  conditions  and  the  blowoff  equivalence  ratio.  The  blow- 
off  velocity  is  also  calculated  in  a  similar  fashion  if  the  geometry,  pressure,  inlet  temperature,  atomiza¬ 
tion,  and  equivalence  ratio  are  given.  In  addition,  the  correlation  can  predict  simple  flameholder  modifi¬ 
cations  necessary  to  optimize  flame  stabilization  for  a  given  operating  condition  (27)." 

d.  Liquid  Fueled  Turbulent  Diffusion  Flames  with  Strong  Fuel  Penetration  —  Lean  Blowoff 

For  Configuration  C  of  Fig.  1  with  fuels  of  lower  volatility  or  higher  viscosity  than  Jet  A,  fuel  pen¬ 
etration  alters  the  structure  of  the  flame  to  the  case  shown  in  the  lower  portion  of  Fig.  3,  particularly 
for  the  smaller  disc  diameters  (27,32).  Increased  flame  length  associated  with  the  fuel  penetration  en¬ 
hances  the  stability  of  the  combustion  process,  Plee  and  Mel lor  (27)  have  shown  that  inclusion  of  x<- ; , 
with  all  other  terms  defined  as  in  Section  3,c  above,  collapses  these  data  as  well,  where 

Tfi  ~  ^f  Teb^ann  U2) 


Tfi  ~  Tfi  ^T/^in^'  (15) 

Here  Vf  is  the  initial  fuel  injection  velocity  estimated  from  empirical  information  provided  by  Crowe  (36). 
The  fuel  penetration  effect  has  been  shown  important  when  the  ratio  (iUt,.)  is  greater  than  ten  (27). 

The  filial  conplete  correlation  is -shown  in  Fig,  6  with  the  limit  equation 
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2.12(x£c  +  U.011x^b)  +  0.095. 


(14) 


For  negligible  fuel  penetration  (xi,  i  0),  Bq.  p4)  compares  favorably  to  Eq.  (10)  and  (11),  and  for  pre- 
ndxed.  systems  (xj,-  =  x'b  =  0)  Eq.  (14)  is  nearly  identical  to  Eq.  (6).  The  fuels  utilized  to  develop  Eq. 
(14)  included  JP_ 4,  Jet  A,  DF  2,  and  Jot  A  blended  with  a  small  amount  of  lubricating  oil  to  give  an  in¬ 
creased  end  boiling  point  (27);  more  recently  model  predictions  for  unleaded  gasoline,  JP  10,  No.  4  and 
No.  6  oils  have  been  validated Iwith  Coafiguratiori  C  of  Fig.  1  (37).  These  flames,  with  strong  fuel  pen¬ 
etration  effects,  are  thought  to  be  approaching. the  other1  limit  in  spray  combustion,  where  the  fuel  evap¬ 
oration  rate  determines-  the  heat  release  rate.  ...... 

The  fuel  penetration  effect  is  riot  anticipated  to  occur  in  conventional  combustors  operating  with 
aviation  specification  fuels.  Thus  Eq.  (14)  with  xfi  =  0  has  been  used  for  blowoff  data  (38)  for  the  T-63 
conventional  combustor1  (39).  Using  the  definition  of  xs^jC0  given  in  Table  1  for  practical  combustors 

Tst,co  “  ^co^ref  (1S) 


where 
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Figure  5.  Complete  characteristic  time  correlation 
for  inlet,  geometry  and  fuel  variations 
on  three  simplified  bluff  body  stabi¬ 
lized  flames  (negligible  fuel  penetra¬ 
tion  effects). 


Figure  6.  Complete  characteristic  time  correla¬ 
tion  for  blowoff  limit. 
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(see  (35)),  2pri  is  the  distance  from  the  fuel  injector  to  the  centerline  of  the  primary  air  penetration 
holes  at  combustor  diameter  dcon;b,  and  Vref  is  reference  velocity,  Eq.  (14)  with  T„b  also  taken  as  zero  was 
used  to  conpute  the  three  points  to  the  left  of  the  limit  in  Fig.  7  for  Diesel  fuel  2,  Jet  A,  and  JP-4, 
respectively. 

Then,  using  estimates  of  Sauter  mean  diameter  given  by  Moses  (38)  and  Eq.  (11)  including  the 
term,  the  points  to  the  right  of  the  limit  in  Fig,  7  were  established.  Note  that  the  ordering  of  the  fuels 
is  now  reversed.  Clearly,  .reasonable  choices  of  d0  for  each  fuel  could  be  selected  which  would  align  all 
three  fuels  exactly  with  the  lean  limit  Eq.  (14).  Hence  one  proolem  in  application  of  the  characteristic 
time  model  to  practical  combustors  appears:  Sauter  mean  diameter  is  required  in  some  cases  at  the  engine 
operating  point  (elevated  tenperatures  and  pressures),  a  number  not  usually  available. 

However,  Eq.  (14)  with  =  0  is  recommended  for 
engine  applications;  a  preliminary  model  test  is  shewn 
in  Fig.  7.  Further  model  validation  will  proceed  with 
additional  turbine  combustor  blowoff  data. 

e.  Stagnant  Sprays  —  Spark  Ignition 

Construction  of  a  related  model  for  spark  igni¬ 
tion  is  in  progress  (40) i  First  efforts  have  involved 
minimum  ignition  energy  data  obtained  by  Ballal  and 
Lefebvre  (41)  for  quiescent  sprays  of  several  fuels . 
Recognition  that  to  first  order  the  ignition  of  a 
spray  is  evaporation  limited  (42)  greatly  sinplifies 
model  development. 

Starting  with  Eq.  (8)  without  the  velocity  cor¬ 
rection  due  to  combustion  (the  mixture  is  stagnant), 


Ts*  *  Thc  +  aTeb- 


(17) 


Neglecting  kinetics  in  favor  of  evaporation  means 


aTeb  >>  Thc 


so  that  the  spark  ignition  .limit  is  given  by 


Tsi  ^  Teb 


(18) 


(19) 


Figure  7.  Application  of  flame  stabilization 
model  to  conventional  combustors. 


where  tS£  must  be  -redefined  for  a  stagnant  mixture; 
the  Heat  source  is  now  the  spark  rather  than  an  tdja- 
cent  recirculation  zone. 

Heat  loss  by  conduction,  as  opposed  to  turbulent 
convection,  will  conpete  with  the  heat  addition  from 


(20) 


the  spark  which  drives  the  evaporation  (40) . 


*sA  =  ”dq  pacPa/ka 


Hence  tS£  for  this  special  case  is  given  by 


where  dq  is  quenching  distance  related  to  mini  ram  spark  ignition  energy  E^p  via 
dq  =  {WS  pacpaAVl)1/3- 


(21) 


Other  properties  which  appear  are  ambient, gas  density  (pa),  specific  heat  (Cp,),  and  thermal  conductivity 
(ka) ;  ATi=j  is  the  adiabatic  stoichiometric  temperature  rise  associated  with'  the  droplet  or  spray  diffusion 
flame  after  ignition. 

One  other  modification  to  Eq.  (19)  is  required.  Nhat  limits  ignition  is  the  vapor  phase  concentration 
of  fuel  vapor,  which  can  be  increased  by  decreasing  Te^.  However,  increasing  the  total  number  of  droplets 
by  increasing  the  equivalence  ratio  will  also  increase  the  spray  evaporation  rate  linearly.  This  effect  is 
included  by  altering  the  term  so  that  the  ignition  limit  becomes 


Ts*  '  W** 


(22) 


If  the  quantity  dq  is  computed  from  the  data  reported  by  Ballal  and  Lefebvre  (41),  and  Eq.  (22)  is 
tested,  then  Fig.  8  results.  Excluding  for  the  moment  the  flagged  data  (the  points  near  the  origin  are 
data  with  symbols  omitted  for  clarity)  the  fit  is  linear  and  the  y- intercept  is  near  zero,  as  predicted  by 
the  model,  with  the  ignition  limit  given  by 

Ts*  =  14-2Teb/<f  +  2,29‘  (23) 


How  changes  in  sp^rk  energy,  Sauter  mean  diameter,  and  fuel  volatility  (B,  the  transfer  number)  affect  a 
stable  operating  point  are  shown  in  Fig.  8. 

Fig.  9  demonstrates  the  correlation  in  terms  of  E^p  versus  4  for  one  fuel  (dashed  lines  are  from  Eq. 
(23))  and  explains  the  deviation  of  the  flagged  data  from  the  fit  in  Fig.  8.  All  of  these  points  are  for 
the  lowest  equivalence  ratios,  which  tend  to  negate  Dq,  (18).  Thus  the  kinetic  time  for  ignition  must  be 
evaluated  and  included  in  a  complete  model;  this  work  is  currently  underway.  In  addition,  preliminary 
studies  of  data  for  flowing  sprays  with  the  conventional  definition  of  tsj  (dq/V),  neglecting  kinetics, 
show  similar  agreement  as  in  Fig.  8  (43).  Of  course,  turbine  combustor  modelMevaluation  is  the  eventual 
goal. 


Equivalence  Ratio 


Figure  8.  Characteristic  time  correlation  for 

the  ignition  of  quiescent  fuel  sprays  Figure  9.  Minimum  ignition  energy  of  quiescent 

(data  from  Ballal  and  Lefebvre  (41)).  mixtures  for  various  drop  sizes  (data 

from  Ballal  and  Lefebvre  (41)). 


4.  EMISSIONS  AND  EFFICIENCY 


In  the  area  of  gaseous  emissions,  and  to  a  lesser  extent  combustion  efficiency,  considerably  more  ex¬ 
perience  has  been  obtained. with  the  characteristic  time  approach  for  flames  as  in  the  iqjper  portion  of  Fig. 
3  (34)  and  for  conventional  combustors  (34,44, 45, ,46, 47) .  For  the  second  flame  in  Fig,  3  and  for  configura¬ 
tion  B.  of  Fig.  1,  seeking  similar1  correlations  is  an  area  of  active  research  (48). 

For  nitric  oxide  in  mixing  controlled  situations  it  can;be  shown  (34,47)  that  the  N0X  emission  index 
(g  as  Nt^/kg'fuel)-  wili-'scalej-liiiearly  -with  -the  relevant  -  Damkohler  nunber:. 


T  /  t'  ,, 

st>no'  no 


(24)' 


Eq.  (24)  states  that  an  increase  in  NO- forming  eddy  lifetime  (tej,  n0)  wiH  increase  NO  emissions  linearly. 
The  inverse  dependence  oh  xn0  reflects  that  increases  in  Ta=i  (Table  1),  which  decrease  Tm,  also  increase 
N0XEI. 

It  is  the  formation  of  NO  which  must  be  quenched  in  gas  turbine  combustors,  whereas  00  (and  HC)  is 
limited  by  quenching  of  its  oxidation  reactions.  Thus  the  functional  dependence  of  (DEI  is  the  inverse  to 
that  for  NO^EI  (34) : 


COEI  -v  D 


1  = 
co 


T  /t 

co'  s£,co 


(25) 


Here  long  eddy  lifetimes  and  high  temperatures  decrease  00  (and  HC)  emissions. 

If  CO  and  HC  concentrations  are  proportional  to  one  another  over  the  range  of  data  to  be  correlated, 
then  it  can  be  shown  that  (48) 


100  -  nc(%)  *  D'1 


VT 


s£,co 


where  combustion  efficiency  nc  is  obtained  from  (49) 


(20 


100  -  nc(t)  =  { (C0EI)Qco  +  (HCEI)^,.}/  10QfueF 


(27) 


The  Q's  are  the  lower  heating  values  of  the  indicated  species. 

Finally,  for  cases  where  fuel  penetration  is  important,  no  fuel  independent  correlation  har,  yet  been 
achieved  (48).  Although  this  case  may  not  be  significant  in  gas  turbine  applications,  it  can  represent 
the  situation  in  boilers  utilizing  residual  oil  or  pulverized  coal. 


a.  Liquid  Fueled  Turbulent  Diffusion  Flames  with  Negligible  Fuel  Penetration  (Configuration  1C)  - 
Emissions  and  Efficiency 

Probing  of  the  flame  shown  schematically  at  the  top  of  Figure  3  (SO)  demonstrated  that  CO  (and  HC) 
quench  at  the  outer  but  leading  edge  of  the  shear  layer,  while  NO  forms  on  the  centerline  of  the  flame  down¬ 
stream  of  the  recirculation  zone.  Consequently  the  eddy  lifetimes  were  taken  as 


s£,co 
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ann 


and 


(28) 


Tst,no  ”  D/Vl 


where 


Vl  2Vref{1  +  Vrin} 


(29) 

(30) 


As  before,  the  kinetic  times  were  determined  from  inlet  temperature  variations,  and  slightly  different  def¬ 
initions  from  those  of  Table  1  were  used  in  this  early  work  (34) .  Here  T*  is  the  burned  gas  temperature  at 
the  overall  equivalence  ratio 

For  liquid  CjHg  as  fuel  the  NO  and  CO  correlations  are  shown  in  Fig.  10  and  13 ,  respectively;  both 
curves  are  linear  as  the  model  predicts.  Note  also  the  near  zero  y- intercepts  and  the  good  correlation  co¬ 
efficients.  A  similar  combustion  efficiency  correlation  for  the  mixing  controlled  case  is  shown  in  Fig.  12, 
for  several  additional  fuels  (48).  In  the  latter  case  is  given  in  Table  1,  where 


Tn  = 

^in,+  °’1T* 

(31) 

respective  least  squares  fits  are 

N0xEI 

B  °-68TsSl,no/Tno  +  °-36;. 

(32) 

COEI 

=  17-9Tcoy,'rst,co  +  3,4; 

(33) 

100  - 

B  *VW>  -  1-69* 

(34) 

For.  negligible  fuel' penetration  these  equations  give  emiss:ons  and  efficiency  iii  terms  of  inlet  conditions, 
flameholdei  geometry,  and  fuel  heating  value.  They  have  been  utilized  to  design  the  optimal  disc- in-duct 
burner  configuration -which  exhibits  minimal  CO  emissions  (34). 

b.  Liquid  Fueled  turbulent  Diffusion  Flames  with  Negligible  Fuel  Penetration  (Conventional  Combus¬ 
tors)’  -  Emissions 

Considerable  utilization  of  the  characteristic  time  model  has  occurred  for  gaseous  emissions  from  con¬ 
ventional  combustors  (6,35,44,45,46,47).  The  most  recent  work  (46).  has  dealt  with  the  Pratt  and  Whitney 
JT9D  and  shown  that  identical  correlations  can  be  obtained  with  the  combustors  analyzed  previously,  the 
GTr309  vehicular  and  T-63-helicopter  burners. 

For.  most  cases  d-oplet  evaporation  can  be  assuned  rapid  conpared  to  the  kinetics  and  air/fuel  vapor 
mixing  (35,44);  hence  N0X  and  CO  emissions  are  expected  to  correlate  with  Eq.  (24)  and  (25).  The  defini¬ 
tions  of  the  kinetic  and  mixing  times,  are  given  in  Table  1,  but  the  mixing  times  differ  from  those  of  Con¬ 
figuration  1C  due  to  the  more  complicated  geometry  of  the  gas  turbine  combustor  (46),  Here  best  correla¬ 
tions,  are  obtained  with " 

^no  ”  ^no,quend/cos6^  +  ^comb 


(35) 


4.0 


(36) 


Figure  10.  NOxEI  versus  Tsj>)no/Tno  (propane  fuel) 


Q~  *  =  0~  ^  K  +  d”  ^ 

co  co, quench  comb' 

Hie  quench  lengths  9.  represent  distance 
from  the  fuel  injector  to  an  air  addition 
site,  as  in  Eq.  (16).  For  NO  this  is 
usually  associated  with  the  secondary 
holes,  but  for  CO  generally  moves  to  up¬ 
stream  locations  as  engine  power  is  re¬ 
duced  (35,44,46).  The  angle  6  is  that  of 
any  air  swirler  (46).  Reference  velocity 
V^.e£  is  defined  in  terms  of  maximum  com¬ 
bustor  cross-sectional  area,  and 

Vl"  ^apA^H^rof  (37) 


Here  (mg^/rag)  is  the  fraction  of  total  air 
flow  estimated  to  pass  through  the  primary 
zone -(46). 


Hie  !v0„  correlation  for  all  three  com¬ 
bustors  is  shown  in  Fig.  13;  the  least 
squares  fit  is 


»xEI  ■  4-J2WTno  *  lM6  ™ 


with  correlation  coefficient  r  -  0.98.  For 
CO,  a  surface  area  correction  is  required 
for  the  annular  combustor,  and  brings  the 
three  correlations  together  with  an  approx¬ 
imate  slope  of  thirty- five  (46). 

It  should  be  noted  that  the  combustor 
inlet  conditions  differ  for  these  three  en¬ 
gines,  and  that  geometries  and  injectors 
vaiv  as  well.  In  addition,  with  the  excep¬ 
tion  of  the  T-63  00  emissions  (35),  the 
above  correlations  collapse  fuel  volatility 
and  viscosity  variations  from  JP4  to  DF2, 
Consequently,  for  the  correlation  of  addi¬ 
tional  conventional  combustors  operating 
with  aviation  specification  fuels,  the 
following  expressions  are  recomnended  (46): 

®xEI  3  4'5TsS,no/Tno  “V**  *»!);  C39) 


Figure  11.  COEI  versus  tC0/ts^|C0  (circular  discs) 
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Figure  12.  Combustion  inefficiency  correlation  for  mixing 
controlled  disc  stabilized. flames. 


COEI  =  35tco/tsX>co  (g  CO/kg  fuel).  (40) 

Hammond  (45)  has  verified  the  predictive 
ability  cf  the  characteristic  time  model. 

His  results  are  shown  in  Fig.  14  and  15.  For 
geometry  modifications  A  and  8,  N0X  is  pre¬ 
dicted  to  within  one  standard  deviation; 
predictions  for  00  are  somewhat  too  high. 

At  idle  both  modifications  suffered  from  blow¬ 
out,  which  has  subsequently  been  explained 
using  the  model  of  Section  3  (39) . 

5.  SlMiARY  AND  CONCLUSIONS 

It  remains  to  validate  the  models  for 
lean  blowoff ,  combustion  efficiency  and 
spark  ignition  for  engines,  as  has  been 
accomplished  for, gaseous  emissions.  For 
efficiency,  penalties  associated  with  alter¬ 
native  fuels  are  of  particular  interest  (48). 
In  addition,  advanced  gas  turbine  combustors 
featuring  staging  and  or  premixing/prevapor- 
izihg  are  next  for  emissions  modeling.  It 
is  hoped  that  the  characteristic  time  model 
will  continue  to  prove  a  useful  interim  de¬ 
sign  tool  for  combustor  designers  (45) . 
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Figure  13.  Universal  correlation  for  N0X 
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Figure  14.  Comparison  of  predicted  and  experi¬ 
mental  EI(NOv)  versus  gasifier  speed 
(from  Hammond  (45)). 


IIS  f  f  34 


O  Std.,  exper. 

•  Std.,  prod. 

O  Mod.  A,  oxpor. 

B  Mod.  A,  pred. 

A  Mod.  B,  exper. 

A  Mod.  B,  pred. 

Ail  Predicted  Standard 
Deviations  are  Equal. 


H-4-. 


50  60  70  80  90  100 

Gasifier  Speed,  % 

Figure  15.  Conparison  of  predicted  and  experi¬ 
mental  El (CO)  versus  gasifier  speed 
(from  Hammond'  (45)). 
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ABSTRACT 


A  review  is  given  of  some  of  the  more  pertinent  models  postulated  to  describe  the  performance  of  gas 
turbine  combustors.  Six  different  design/development  stages  are  considered  -  (a)  the  initial  sizing  of 
a  combustor,  (b)  the  initial  development  testing,  (c)  primary  zone  modelling,  (d)  secondary  zone  model¬ 
ling,  (e)  dilution  zone  modelling,  (f)  changes  due  to  the  alteration  of  ambient  conditions.  The  models 
are  assessed  in  scope  1  plausibility,  experimentally,  and  in  terms  of  time  and  economic  justification. 

For  (a)  it  is  suggested  that  a  zero-dimensional  model  will  suffice,  as  also  for  (b).  Item  (c)  will 
probably  require  a  three-dimensional  model;  (d)  and  (e)  will  probably  suffice  with  a  one  -  or  two-dimen¬ 
sional  model.  For  item  (f)  a  zero-order  model  might  well  be  satisfactory.  If  it  can  be  produced  with 
sufficient  accuracy,  a  single  complex  (probably  three-dimensional)  model  could  adequately  describe  all 
items,  (a)  to  (f).  A  short  discussion  deals  with  the  need  of  future  data,  and  the  paper  recommends  the 
type  of  models  which  may  be  used  currently,  and  those  which  are  likely  to  be  used  in  the  future. 

1.  INTRODUCTION. 


It  is  about  thirty  years  since  the  potential  of  gas  turbine  manufacture  began  to  make  itself  felt  as 
a  major  industry.  Due  to  the  high  degree  of  technology,  it  immediately  became  obvious  that  the  develop¬ 
ment  of  new  combustion  systems  would  be  expensive  and  time  consuming.  Hence  a  search  began  for  an 
understanding  of  the  combustion  processes  so  that  modelling  procedures  could  be  instituted.  Most  of  the 
earlier  .parameters  involved  some  form  or  other  of  Mach  number  scaling,  since  this  involved  moot  of  the 
variables  of  importance  to  performance.  Further,  Mach  number  correlated  with  the  pressure  drop  across 
the  combustor,  which  in  turn,  was  a  function  of  the  engine  efficiency.  Droplet  evaporation  characteristics 
were  also  explored,  but  it  was  generally  conceded  that  the  droplets  had  but  little  overall  effect  providing 
that  the  size  was  small  (about  80  to  100  microns).  Later,  parameters  were  introduced  based  upon  global 
reactions  within  'perfectly  stirred  reactors' (PSR's).  An  aspect,  appreciated,  but  still  very  imperfectly 
understood,  is  the  very  complex  mixing  process  between  air,  fuel  and  products  of  reaction.  The  demand 
for  a  long  life  engine  has  emphasised  the  need  to  better  the  knowledge  of  the  heat  transfer  processes 
within  the  combustor  and  the  requirement  for  improved  materials  of  construction. 

As  the  years  progressed,  engineering  'know-how'  enabled  combustors  to  be  made  which  operated  with 
high  combustion  Intensities,  and  in  recent  years  it  has  been  recognised  that  the  combustion  processes 
might  limit  the  combustor  size  at  some  conditions,  whereas  previously  aerodynamics  were  always  assumed  to 
be  the  limiting  factor.  Simultaneously  with  the  progress  in  engineering,  the  chemistry  of  flames  has 
become  better,  known,  and  many  of,  the  individual  reactions  which  comprise  the  process  of  the  combustion  of 
hydrocarbons  have  been  investigated  and  their  rate  constants  determined  with  fair  accuracy.  Recently, 
physicists  have  produced,  comprehensive  mixing  theories.  Thus  many  of  the  individual  bricks  are  now 
available  to  produce  a  comprehensive  model.  It  remains  only  to  invent  a  technique  to  bind  them  together. 
The  cement  exists  in  the  form  of  large  computers  which  are  capable  of  solving  the  complex  equations. 

The  net  result  is  that, whereas  twenty  years  ago,  the  engineer  had  to  'make  do'  with  elementary  and 
limited  correlations,  today,  he  is  faced  .with  a  multitude  of  models  ranging  from  simple  zero-order  ones  to 
complex  three-dimensional  ones  combining  all  possible  aspects  of  evaporation,  mixing  and  kinetic  conside¬ 
rations,  both  with  and  without  simultaneous  heat  transfer. 

From  an  engineering  viewpoint,  the  justification  of  .a  model  is,  to  a  large  measure,  based  upon  - 

(a)  Does  it  predict  sufficiently  accurately  ? 

(b)  How  much  time  is  needed  to  obtain  a  solution  ? 

(c)  How  easy  is  it  to  understand  the  result,  and  what  are 
the  possible  implications  ? 

(d)  What  is  the  financial  cost  of  the  solution  ? 

Generally  (a)  and  (d)  are  the  most  important,  but  some  of  the  proposed  models  are  now  so  complex  that 
the  average  engineer  has  difficulty  in  understanding  them,  and  very  rightly  he  seeks  an  expert  to  act  as 
consultant.  Unfortunately,  sometimes  the.  consultant  has  a  problem  in  appreciating  exactly  what  the 
engineer  requires  from  the  model.  The  net  result  is  a  certain  amount  of  confusion  whereby  the  reputations 
of  both  ^engineer  and  consultant  :(or  the  model)  ,miay  suffer. 

Therefore,  .what  is  needed  is  an  appreciation  of  the  types  of  model  available  and  their  possible  appli¬ 
cation^),  the  latter  often  depending  upon  the  state  of  the  development  of  the  combustor.  As  an  example, 
unless  it  was  a  perfect  model,  there  would  be  little  point  to  use  a  complex  three-dimensional  model  for 
the  initial  sizing  of  .the.combustor...  Such  a  model' would,  however,  be  very  appropriate  to  the  specification 
of  the.  primary,  zone-  conditions,  and  .-their  effects  upon  wall  temperatures. 

It  is  the  intention  of  these  notes  to  give  some  aid  in  this  type  of  selection  and  to  indicate,  where 
possible,  the  known  accuracy  of  the  model  suggested  and  its  limitations. 


2.  MODELS  AVAILABLE. 


There  are  so  many  models  available  that  it  is  impossible  to  review  all  of  them  in  a  paper  such  as  this. 
The  ones  mentioned  here  are  those  of  which  the  autor  has  had  some  personal  experience  and/or  those  which 
have  some  measure  of  popularity.  The  models  will  be  classified  as  0  1  2  -,and  3  -  dimensional,  plus 

a  single  model  specifically  aimed  at  furnaces  but  of  possible  application  to  gas  turbine  combustors. 

The  classification  is  not  ideal,  and  some  overlapping  occurs,  but  it  is  convenient. 

2.1  Zero  -  Dimensional  Models. 

This  type  of  model  treats  the  entire  reaction  zone  as  a  single  unit,  and  it  is  typified  by  the  perfect¬ 
ly  stirred  reactor  (PSR)  in  which  velocities,  temperatures,  heat  flux  densities  and  compositions  are  uni¬ 
form  throughout  the  zone.  An  approach  to  such  an  ideal  system  was  cade  by  Longwell  et  al  [1]  using  their 
well  stirred  reactor.  This  exhibited  most  of  the  characteristics  described  by  Bragg  [2],  Avery  et  al  l 3 ] 
and  Vulis  [4].  The  derived  rate  equations  are  simple,  but  the  accuracy  depends  upon  the  approach  to 
homogeneity.  Therefore,  they  are  not  directly  applicable  to  systems  where  the  mixing  processes  are  pre¬ 
dominant.  Essenhigh  [5]  and  Swithenbank  [6]  have  attempted  to  correct  for  unmixedness,  and  for  a  single 
reactor  their  results  are  in  fair  accord  with  experimental  measurement. 

The  original  Longwell  model  purported  to  do  no  more  than  to  describe  blow-out  phenomena,  and  to  a 
lesser  degree,  the  fractional  oxygen  consumption  efficiency  of  the  equipment;  The  performance  was  related 
to  the  equation  (lean  mixtures  .of  air  and  iso-octane) 
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Odgers  et  al  [7  to  12]  experimented  with  a  spherical  combustor  in  an  attempt  to  relate  its  performance 
to  that  of  real  combustors.  In  [7  to  9]  the  various  practical  aspects  were  examined  over  a  wide  range  of 
conditions.  Later  (10]  these  results,  and  those  of  other  workers,  were  analysed  and  an  equation  was 
obtained  which  described  all  the  data. 
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Using  Eqn.  (2)  as  a  basis,  the  stability  and  combustion  efficiency  performance  of  a  number  of  real 
combustion  chambers  [11]  was  correlated  (for  weak  mixtures  in  the  primary  zone)  by  - 

«  -  0,911  logy3()0  +  4,01n  -  1,097  +  D’  (3) 

Equation  (3)  may  be  used  to  predict  the  performance  of  a  combustor  at  any  condition;  the  one  curve  is 
unique  for  a  wide  range  of  air/fuel  ratios,  inlet  temperatures  and  pressures.  For  a  totally  unknown 
chamber,  it  is  only  necessary  to  obtain  a  value  of  the  constant  D'  by  experiment.  This  may  not  b,  '  in 
the  near  future,  since  recent  work  at  Laval  University  suggests  that  D'  may  be  related  to  the  combus. jr 
pressure  loss,  Kretschmer  et  al  (12]have  shown  that  Eqn.  (2)  may  be  used  to  predict  effects  due  to  changes 
in  ambient  conditions,  including  the  prediction  of  NOx. 

Using  a  somewhat  similar  theoretical  basis.  Greenhough  and  Lefebvre  [13]  derived  a  loading  parameter 
similar  to  that  of  Longwell,  which  they  showed  to  be  applicable  to  aircraft  combustors.  For  a  given 
chamber,  at  a  fixed  air/fuel  ratio,  the  efficiency  and  stability  may  be  expressed  by  plotting  the  value 
of  8  against  the  efficiency,  where  8  is  given  by  Eqn.  (4).  The  disadvantage  of  the  8  parameter  is  that  a 
curve  has  to  be  made  experimentally  for  each  operating  air/fuel  ratio. 
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An  important  feature  of  the  8  curve  is  the  plateau  of  high  efficiencies  at  low  loadings.  Many  workers 
have  used;  a  'safe'  value  of  this  parameter  (say  8  =  10")  to  size  a  new  combustor. 

A  major  disadvantage  of  all  the  above  models  is  their  inability  to  predict  the  amounts  of  the  pollu¬ 
tants  (CO  &  HC).  This  has  been  overcome  to  some  extent  by  the  use  of  empirical  curves  which  relate  the 
pollutant  concentration  to  the  efficiency,,  but  the  technique  is  of  limited  application  and  not  very 
accurate. 

For  a  system  which  is  not  limited  by  mixing,  it  ought  to  be  possible  to  predict  pollutants  if  the 
chemical  kinetics  are  fully  known.  A  large  number  of  publications  are  available  on  this  topic,  and  typical 


examples  are  given  in  [14  to  18].  Generally  the  reaction  is  thought  of  as  being  a  two-stage  process, 
the  breakdown  of  the  hydrocarbon  being  followed  by  the  combustion  of  the  resultant  carbon  monoxide. 

The  first  reaction  is  fast  compared  with  the  second,  and  hence  it  is  the  kinetics  of  the  CO  burning 
that  limit  the  overall  process  and  the  amounts  of  pollutants  produced.  Reaction  schemes  have  been 
proposed  ranging, from  about  8  reactions  to  40  or  more.  The  number  of  reactions  selected  appears  to  be 
a  function  of  the  size  of  computer  available.  Models  of  this  type  have  been  used  to  predict  the  perfor¬ 
mance  of  PSR's  with  fair  success,  but  only  over  a  limited  range  of  conditions.  As  an  example,  Hammond 
and  Mellor  [19]  applied  such  a  scheme  to  a  reactor  burning  a  propane/air  mixture.  They  could  only  obtain 
viable  solutions  over  the  range  0  =  0,9  to  0  =  1,2,  but  witnin  these  limits  theory  and  experiment  agreed 
quite  well.  Similar  schemes  have  been  used  by  others  (See  review  [20])  but  the  models  appear  to  be 
limited  in  application  and  exhibit  large  errors  when  used  to  predict  the  performance  of  any  of  the  other 
systems. 

2.2  One-Dimensional  Models. 

Although  not  so  simple  as  the  zero-dimensional  models,  the  one-dimensional  models  are  still  relat¬ 
ively  simple,  and  the  calculations  are  cheap  to  do.  Heat  flux  and  species  may  be  predicted,  but  a  know¬ 
ledge  of  fluid  flow  and  chemical  heat  release  will  then  be  required  as  input  to  the  model.  However,  the 
use  of  this  concept  enables  one  to  depart  from  the  PSR  to  one  which  is  mixing  limited,  or  reaction  limited, 
or  both  (well-stirred  reactor,  WSR) . 

Typical  of  a  simple  reaction  scheme  is  that  of  Essenhigh  [5]  which  is  applied  to  the  analysis  of  an 
adiabatic  flame,  using  a  PSR  approach.  The  flame  is  divided  into  a  series  of  cells,  each  of  which  is 
regarded  as  a  PSR  fed  by  the  preceeding  cell  and  feeding  the  succeeding  one.  The  analysis  yields  a  pair 
of  algebraic  equations,  conveniently  in  finite  difference  form.  The  solution  gives  temperature  or 
concentration  profiles  as  a  function  of  distance  or  time,  for  the  various  input  conditions.  The  theory 
gives  a  rational  solution  to  the  problem,  but  to  date  it  has  not  been  thoroughtly  tested  against  practical 
measurements. 

Contrary  to  the  above,  Hottel  et  al  [21]  assume  that  combustion  occurs  so  rapidly  that  the  gas  tem¬ 
perature  at  the  burner  end  (of  a  furnace)  is  the  adiabatic  flame  temperature.  It  is  also  assumed  that 
the  net  radiative  flux  in  the  gas  flow  direction  i3  negligible  compared  with  that  normal  to  it.  Thus  it 
is  possible  to  predict  the  local  flux  density  along  the  x-axis. 

The  module  approach  circumvents  the  requirement  of  a  detailed  analysis  of  the  microstructure  by 
breaking  the  chamber  into  separate  zones,  each  of  which  is  assumed  to  behave  in  a  predictable  manner. 

In  the  short  term,  this  kind  of  prediction  may  yield  a  much  more  valuable  correlation  than  any  of  the 
techniques  previously  discussed.  Also,  by  a  judicious  choice  of  zones,  modules  may  be  selected  which 
will  represent,  fairly  accurately,  a  three-dimensional  system. 

Swithenbank  [22]  has  attempted  to  model  a  turbojet  combustor.  The  primary  zone  is  represented  by 
three  modules,  a  pair  of  WSR's  coupled  by  a  plug-flow  reactor  (PFR).  The  volumes  are  calculated  from 
jet  entrainment  theory,  the  total  volume  of  the  primary  zone  having  been  assessed  previously  by  some 
independent  method.  The  volumes  of  the  various  reactors  are  estimated  on  the  assumption  of  uniform  gas 
density!  the  swirler  and  recirculation  volumes  are  ratioed  according  to  their  mass  flows;  that  of  the 
primary  is  considered  to  be  symmetrical  about  the  primary  orifices.  The  secondary  zone  has  two  modules, 
a  WSR  followed  by  a  PFR,  The  volume  of  the  WSR  is  obtained  by  the  assumption  that  it  is  symmetrical 
about  the  secondary  zone  holes,  with  its  upstream  boundary  abutting  the  primary  zone.  The  dilution 
stirred  reactor  is  supposed  symmetrical  about  the  dilution  holes,  and  of  a  volume  which  is  ratioed  in 
proportion  of  its  mass  flow  to  that  of  the  secondary  zone.  Between  the  secondary  WSR  and  the  dilution 
WSR,  the  resultant  volume  is  taken  as  being  the  secondary  PFR.  The  plug  flow  module  of  the  dilution  zone 
is  taken  as  that  between  the  downstream  end  of  the  dilution  WSR  and  the  exit  of  the  combustor.  Thus,  for 
each  module,  the  mass  flow,  volume  and  residence  timehave  been  defined,  and  this  may  be  used  to  predict 
the  composition  leaving  each  module  (providing  there  is  a  suitable  reaction  scheme).  The  output  of  one 
module  becomes  the  input  of  the  next,  although  within  the  primary  zone  an  iterative  calculation  must  be 
used  since  there  is  recirculation  from  one  zone  to  another.  Temperature  traverses  in  a  real  combustor 
were  quite  closely  predicted  using  this  model,  but  extensive  testing  has  not  been  attempted. 

So  far,  the  models  examined  have  assumed  that  the  influence  of  fuel  droplets  is  negligible.  It  is 
obvious  that  a  rapre  complete  analysis  could  be  made  if  the  fuel  droplet  size  and  distribution  were  in¬ 
corporated  together  with  evaporative  effects.  In  this  respect  Mellor's  proposal  [23]  is  of,  some  interest. 
The  'modules'  are  characterised  by  residence  times,  each  time  serving  a  particular  region  defined  within 
the  combustor.  Mellor  defines  five  such  times  -  (i)  the  fuel  drop  lifetime,  (ii)  the  eddy  dissipation 
time  for  the  injected  fluid  (this  represents  small  scale  turbulent  mixing  near  to  the  fuel  injector  in 
the  recirculation  zone),  (iii)  the  eddy  dissipation  time  in  the  shear  layer  (this  represents  the  large 
scale  turbulent  mixing  of  fresh  air  and  the  recirculated  burned  gas),  (iv)  the  fuel  ignition  and  burning 
time  (representing  the  time  for  homogeneous  combustion  of  the  fuel),  and  (v)  the  NO  formation  time.  The 
approach  is  very  promising  and,  could  well  yield  very  useful  results,  providing  that  the  various  residence 
times  can  be  defined  with. sufficient  precision  so  that  they  may  be  used  over  a  wide  range  of  conditions 
and  geometries.  To  date,,  not  a  great  deal  of,  anlysis  has  been  experimentally  investigated,  but  that  which 
has  is. apparently  in  fair  agreement  with  the  predictions.  NOx  and  CO.  exhaust-plane  emissions  have  general¬ 
ly  correlated  well  with  their  respective  time  functions,  except  when  fuel  atomisation  was  poor.  The 
results  also  confirm. the  theory,  that  the  homogeneous  combustion  time  and  the  ignition  delay  times  are 
much  shorter  than  either  the  droplet  evaporation  times -pr.  the  mixing  times. 

One  dimensional  models  have  proved  to  be  popular  for  theu prediction  of  NOx,  largely  due  to  the  way 
that  the  rate  of  formation  depends  so.  largely  upon, temperature.  As  an, example  Heywood  et  al  [24]  took 
the  secondary  zone  of  a  combustor  and,  treated  it  as  a  one-dimensional  model  with  instantaneous  mixing  of 
the  secondary  air.  Calculated  values  of  NOx  were  about  the  same  value  as  those  from  aircraft  engines. 

Hung  [25  &  26]  suggests  a  diffusion  limited  model  that  predicts  NOx  within  gas  turhine  combustors, 
including  the  use  of  nitrogen-containing  fuels  and  the  effects  of  water  injection  etc.  The  primary 
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zone  is  assumed  to  have  a  flow  pattern  similar  to  that  described  by  Clarke  [27],  such  that  the  three 
dimensional  effect  can  be  accounted  for  by  the  use  of  a  quasi-one-dimensional  model.  For  the  swirler, 
the  core  radius  of  the  reverse  flow  is  determined  in  order  to  provide  a  boundary  for  the  recirculation 
zone.  Kollack  and  Aceto  [28]  studied  the  effects  of  recirculation  in  a  combustor  using  a  computer  pro¬ 
gramme  which  simultaneously  solved  the  chemical  kinetic,  thermodynamic, and  gas  dynamic  equations  for  a 
premixed  one-dimensional  recirculation  system.  The  effect  of  hot  gas  recirculation  was  to  form  NOx  at 
an  earlier  stage  but  to  about  the  same  maximum  as  the  unracirculated  case.  Cold  gas  could  reduce  the 
NOx 'by  an  order  of  magnitude. 

2.3  Two-Dimensional  Models. 

These  models  predict  with  x-y  coordinates  and  are  suitable  for  systems  (such  as  a  gas-turbine  com¬ 
bustor)  where  axi-symmetric  flows  prevail.  The  problem, is  simplified  if  the  flow  is  uni-directional  and 
without  recirculation,  such  as  a  simple,  confined  turbulent  diffusion  flame.  The  Patanker-Spalding 
technique  has  been  used  to  solve  this  problem  [29].  The  problem  appears  simple,  but  the  flows  are  still 
very  complex, and  an  adequate  digital  computer  is  required.  Adequate  modelling  of  the  following  features 
is  required  -  (i)  turbulence,  (ii)  reaction  rate,  (iii)  radiation  chemical  kinetics  (sometimes)  and  (iv)> 
possible  two-phase  effects.  The  Genmix  Computer  Code  is  available  to  solve  the  problem,  by  which  six 
simultaneous  differential  equations  are  solved  for  velocity,  turbulence  energy,  turbulence  scale, 
stagnation  enthalpy,  fuel  concentration,  and  concentration  fluctuations.  Unfortunately,  aircraft  combus¬ 
tors  exhibit  recirculation,  and  this  means  that  iterative  procedures  must  be  used  instead  of  marching 
integration.  For  a  relatively  simple  axi-symmetric  furnace,  computations  of  this  kind  have  shown  good 
qualitative  agreement  with  the  experimentally  determined  features.  A  more  complicated  procedure  is 
available  for  a  system  having  pre-vapeurised  fuel  injected  with  swirling  air  into  a  film-cooled  combustor 
[30],  The  models  employed  for  this  scheme  utilised  turbulence,  concentration  fluctuations,  radiation,  a 
simple  combustion  kinetic  scheme,  and  NOx  kinetics.  The  computer  code  used  was  EASI  (steady  state  model), 
and  qualitative  agreement  was  obtained  with  the  experimental  data.  The  difference  was  attributed  in  part 
to  the  fact  that  the  combustor  was  only  partially  axi-symmetric.  Piatt  [31  &  32]  has  published  a  computer 
programme  for  the  calculation  of  steady-flow,  homogeneous  reaction  kinetics.  It  is  implied  that  this 
would  improve  the  Spalding-Gosman  predictions  withrespect  to  chemical  kinetics.  Recently,  Spalding  et 
al  (33)  have  published  predictions  of  the  hydrodynamic  and  thermodynamic  properties  of  flow  relevant  to 
a  jet-engine  after-burner.  The  flow  was  two-dimensional,  axi-symmetric,  unsteady,  compressible,  and 
chemically  reacting.  A  fuel  spray  analysis  was  included.  It  is  claimed  that  the  numerical  solution 
procedure  gave  a  useful  tool  for  investigating  the  'buzz'  in  the  engine  after-burner. 

2.4  Three-Dimensional  Models. 


These  should  be  the  'all-can-do'  models  which, if  sufficiently  accurate, should  yield  perfect  pre¬ 
dictions  throughout  the  combustor.  Currently,  the  known  models  predict  species,  concentrations,  tem¬ 
peratures  and  velocities  at  any  point  within  the  combustor.  It  is  possible  to  include  the  prediction  of 
flame  radiation  and  wall  temperatures  (with  and  without  film  cooling)  at  the  price  of  a  more  complicated 
programme.  The  major  problems  preventing  the  general  introduction  of  these  models  are  - 


(1)  Assumptions  involving  flow  and  turbulence  predictions  may  not  be  correct, 

(ii)  reaction  kinetics  may  not  be  correct, 

(iii)  factors  governing  carbon  formation  are  not  known,  and  this  effects  the  accuracy  of 
flame  radiation  predictions, 

(iv)  for  accurate  prediction*  a  large  number  of  points  is  required  (i.e.  fine  mesh).  This 
increases  the  computer  time  and  cost, 

(v)  a  specialist  engineer /programmer  is  needed  or  else  the  work  must  be  given  to  a  consultant, 

(vi)  a  large  computer  must  be  available. 


From  this  it  might  seem  that  the  chance  of  a  satisfactory  three-dimensional  programme  would  be  remote. 
However,  considerable  progress  has  been  made  and  several  models  exist  which  demonstrate  the  correct  trends 
of  conditions  within  the  combustor.  Perhaps  the  most  comprehensive  Is  that  of  Spalding  [34].  This  uses 
a  finite  difference  computational  procedure  to  predict  quantitatively  the  local  flow,  heat  transfer  and 
combustion  processes  inside  a  three-dimensional  can  combustor, where  the  flow  is  swirling  and  recircu¬ 
lating.  A  gaseous  fuel  system  was  employed.  The  process  required  the  numerical  solution  of  twelve 
simultaneous  differential  equations  in  finite  difference  form.  It  is  claimed  that  the  system  will  com¬ 
pute  economically  and  thereby  substantially  reduce  the  experimental  portion  of  the  development  time. 
Although  the  results  given  were  not  verified  experimentally,  it  was  noted  that  the  physical  models  used 
had  all  been  shown  to  be  valid'  in  simpler  two  -  and  three  -  dimensional  situations  and  that  the  procedure 
now  seemed  to  be  ready  to  be  employed  within  industry. 

2.5  Miscellaneous  Models i 


Several  models  exist  which  do  not  readily  fall  into  any  of  the  above  categories.  Of  the  ones 
examined,  only  one  seemed  to  be  of  significance.  This  model' was  developed  specifically  for  furnaces, 
but  the  results  are  so  interesting  that  it  would  seem  logical  to  test  the  method  against  the  performance 
of  a  gas  turbine.  The  model-  is  that  of  Magnussep  et  al  [37],  and  it  relates  the  rate  of  combustion  to 
the  rate  of  eddy  dissipation  of  turbulent  eddies.  The  rate  of  reaction  is  expressed  by  the  mean  concen¬ 
tration  of  a  reacting  specie,  the  turbulent  kinetic  energy  and  the  rate  of  dissipation  of  the  turbulent 
kinetic  energy.  It  differs  from  other  models  in  that  it  does  not  call  for  prediction  of  fluctuations  of 
reacting  species, and,  additionally,  it  is  applicable  to  both  premixed  and  diffusion  flames.  A  very 
interesting  feature  is  that  the  model  can  be  used  to  predict  soot  formation  and  combustion  in  turbulent 
flames.  The  theory  was  tested  by  computing  the  behaviour  of  seven  flames' representing  turbulent  diffusion 
flames*  premixed  turbulent  enclosed- flames]  combined  premixed/diffusion  flames,  and  turbulent  diffusion 
sooting  flames.  In-all  cases  close  correlation  was  obtained  between  prediction  and  experiment. 


2.6  Wall  Cooling. 


Most  combustion  models  do  not  take  wall  cooling  into  account  and  those  that  do  regard  it  as  an 
additional  complication  to  an  already  complex  model.  Thus,  only  the  two-  and  three-dimensional  models 
of  Spalding  and  co-workers  attempt  to  make  these  predictions  in  conjunction  with  the  combustor  model. 

More  generally,  the  combustor  predictions  are  used  to  estimate  the  local  gas  conditions,  and  these  are 
then  utilised  with  a  separate  film  cooling  correlation.  A  number  of  wall  temperature  prediction  techniques 
exist, [38  to  40]  for  example,  which  give  reasonably  satisfactory  predictions.  Basically,  all  of  them  use 
the  same  equations,  modified  according  to  the  whims  of  the  user,  and  there  seems  little  to  chose  in  the 
accuracy  of  predictions.  These  latter  range  from  t  20  to  i  40K,  depending  upon  conditions.  The  simple 
models  appear  to  give  about  the  same  precision  as  the  complex  ones. 

3.  WHICH  MODEL  ?  AND  WHEN  ? 


One  of  the  major  problems ,confronting  anyone  trying  to  assess  the  accuracy  of  a  model,  is  that  most 
authors  justify  their  parameter  solely  against  their  own  experimental  work.  Also,  because  of  publication 
difficulties,  the  data  are  not  usually  given  in  sufficient  detail  to  enable  them  to  be  used  to  check  the 
parameters  of  other  workers.  Add  to  this  that  certain  computer  programmes  are  limited  by  propriety  rights, 
and  the  difficulties  of  comparing  one  model  with  another  become  obvious.  To  complicate  the  matter 
further,  the  economics  of  the  calculation  are  sometimes  a  restricting  factor,  as  is  also  the  specialised 
knowledge  required  to  solve  some  of  the  more  complex  programmes.  It  is  not,  therefore,  surprising  that 
the  following  assessment  must  have  reservations,  and  that  no  clear-cut  picture  will  emerge. 

The  only  models  which  have  been  tested  at  all  comprehensively  are  the  simple  empirical  and  semi- 
empirical  ones.  An  attempt  will  be  made  to  indicate  their  accuracy,  so  that  the  proposers  of  future 

complex  models  will  have  at  least  a  target  which  they  must  surpass.  This  is  not  to  denigrate  the  complex 

models  from  a  scientific  viewpoint,  but  the  engineer  must  keep  constantly  in  mind  that  his  product  must 

be  economic;  for  the  same  accuracy,  a  cheap  model  is  'better'  than  a  complex  expensive  one. 

3.1  Initial  Sizing  of  the  Combustor. 

A  combustor  has  been  selected  which  was  developed  to  meet  Condition  1,  Table  I,  as  its  design  point. 

To  indicate  what  happens  if  a  number  of  design  conditions  have  to  be  met  (instead  of  one) ,  three  new 
'design  .onditions  have  been  added. 


TABLE  I. 


Cond. 

No. 

ma 

kg/s 

T2 

K 

P2 

105  Pa 

AP/P 

mf 

kg/s 

0 

pz 

1* 

4,67 

476 

4,05 

0,05 

0,056 

0,0778 

1,0 

2 

10,06 

641 

10,13 

0,05 

0,956 

0,1677 

1,0 

3 

17,97 

803 

20,26 

*0,05 

0,056 

0,2295 

1,0 

4 

0,74 

300 

1,01' 

0,0125 

0,028 

0,0082 

0,67 

*  Original  design  point. 


Five  different  (all  simple)  correlation  parameters  have  been  selected  to  determine  the  size,  based 
upon  either  aerodynamic  or  combustion  performance  characteristics.  The  relationships  are  well  known, 
but  they  have  been  rearranged  in  SI' units. 


(i) 

Mach  Number -Relationship.  [351 

m  /r 

Ma  -  14,3  -®jp- 

(5) 

(ii) 

Pressure  Loss  Relationship.  [36] 

(6) 

(iii) 

Bragg's  Relationship.  [411 

m  /T  i  \  0,5 

A  =0,01621 

(7) 

(iv) 

Theta  Parameter.  [13]  (=99%) 

o  f  m  \  T/b 

A0.=  * 

(8) 

(v) 

Odgers-Carrier  Parameter.  [Ill  (=99%). 

d  =  3745  (300/T)0’411  (mf/P)0’333 

(9) 

This  latter  parameter  is  specific  to  0  =  1,0  in  the  primary  zone.  For  any  other  value  of  0,  Eqn.  (3) 
must  be  used. 


It  is  important  to  realise  that  at  least  two  of  the  above  parameters  must  be  used  (one  aerodynamic 
and  one  combustion).  In  the  Laval  Laboratories  all  five  are  employed.  The  results  given  by  the  above 
equations,  for  the  conditions  of  Table  X,  are  given  in.  Table  II.  It  is  interesting  that  both  Eqns.  (8  & 
9)  predict  the  need  for  a  larger  chamber  to  meet  the  combustion  efficiency  of  992  implicit  in  the  values 
selected  for  these  equations.  In  fact,  if  the  final  real  chamber  dimensions  are  inserted  into  the  orig¬ 
inal  version  of  Eqn.  (9)  (i.e.  Eqn.  3),  then  for  condition  4,  the .predicted  efficiency  of  932  is  in  fair 
accord  with  the  measured  value  of  912.  The  results  of  Table  II  clearly  demonstrate  the  need  tc  consider 
all  the  running  points  as  design  points.-  The  days  of  designing  to  meet  a  single  ’critical*  condition 
are  past.  The  demand  of  very  high  combustion  efficiencies  at  idling  conditions  (to  meet  environmental 
requirements)  requires  a  very  critical  look  at  the  initial  sizing  procedure. 

TABLE  II 


Cond. 

No. 

Eqn. 

No. 

5* 

6 

7 

8 

9 

Value 

, 

1 

A  2 

A  m 

0,0642 

0,0662 

6,0308 

0,0843 

0,0713 

D  m 

0,286 

0,290 

0,198 

0,328 

0,301 

d  a 

0,228 

0,232 

0,139 

0,262 

0,241 

2 

.  2 

A  m 

0,0642 

0,0662 

0,0308 

0,0483 

0,0274 

D  m 

0,286 

0,290 

0,198 

0,206 

0,187 

d  m 

0,228 

0,232 

0,139 

0,165 

0,150 

3 

A  2 

A  m 

0,0642 

0,0662 

0,0308 

0,0153 

0,0274 

D  m 

0,286 

0,290 

0,198 

0,140 

0,130 

d  m 

0,228 

0,232 

0,139 

0,112 

0,104 

4 

.  2 

A  m 

0,0642 

0,0662 

N/A 

0,0943 

0,172# 

D  m 

0,286 

0,290 

0,347 

0,468# 

d  m 

0,227 

0,232 

0,277 

0,374# 

*  This  is  the  actual  size  of  the  combustor  which  was  based  upon  a  casing  Mach  number»0,056. 

#  'Idling'  conditions  based  upon  Eqn.  (3). 

3.2  Initial  Combustor  Development. 

It  does  not  come  within  the  province  of  this  paper  to  discuss  flow  visualisation  experiments  and 
their  value  to  the  engineer,  but  it  iis  assumed  that  these  studies  will  have  been  carried  out  and  that 
the  results  would- have  indicated  that  (a)  the  flow.pattern  was  satisfactory,  (b)  .the  film  cooling  jets 
appear  satisfactory,  (c)  jet  penetrations  into  the  various  zones  are  satisfactory, and  (d)  the  primary 
and  recirculation  zone  volumes  are  well  defined.  The  combustor  pressure  loss  will  also  have  been  measured 
and  found  satisfactory. 

Following  this,  atmospheric  testing  will  be  done  to  verify  the  combustor  performance  at  ground  level 
and  to  forecast,  its  .performance: at  other  conditions.  The  ideal  model  would  predict  ignitability,  combus¬ 
tion  efficiency,  exhaust  traverse  quality,  type  and  quantity  of  pollutants,  and  blow-out  characteristics. 
An  indication  that  the  flame-tube  wall  temperatures  are  satisfactory  would  also  be  useful.  All  this 
could  be  done  with  a  satisfactory  three-dimensional  model,  but  at  present  no  proven  one  exists  which  is 
both  accurate  and  cheap.  How  accurate  must  it  be?  Obviously  combustion  efficiencies  must  eventually 
predict  to  better  than  12;  the  other  topics  are  less  critical  providing  that  the  operating  characteristics 
are  superior  to  those  demanded.  They  should  at  least  be  better  than  the  simple  models  cited  below. 

Equation  (3)  may  be  used  to  predict  combustion  efficiencies  at -all  conditions  providing  that  the 
constant  D'  has  been  first  established.  Theoretically  only  a  single  efficiency  determination  is  needed 
to  establish  D'.  In  practice  the  mean  of  four  determinations  provides  a  much  more  reliable  figure.  At 
least  two  measurements  should  be  made  of  efficiences  in  excess  of  992,  and  at  least  one  of  the  order  of 
902.  The  efficiencies  need  to  be  accurate  and  demand  the  use  of  gas,  analysis;  pyvowatl'it!  techniques  are 
simply  not  accurate  enough. 

For  the  following  example,  a  combustor  was  run  at  atmospheric  pressure  but  at  four  different  condi¬ 
tions.  The  value  of  D1  was  assessed  at  0,336.  The  combustor  ins  then  run  oyer  a. wide  range  of  conditions 
(A/F  216  to  34,  P2  0,34  to  7,66  atm,  T„  243  to  545K) .  The  predicted  and  measured  efficiencies  are 
indicated  in  Fig.  (1).  It  is  obvious  that  the  ga<i.  analysis  results  agree  with  the  predictions  better 
than  do  the  pyroaetric  values.  Earlier  analysis  [11]  indicated  that  the  latter  could  have  errors  of  ts%. 
More  recent  work  suggests  that  Eqn.  (3)  will  predict  within  *  22  at  low  efficiencies  (say  80  to  902)  and 
better  than  12  at  high  efficiencies  (say  992).  Eqn.  (3)  also  be  used  to  indicate  the  blow-out  curve 
for  a  combustor.  For  a  PSR  flame  extinction  seems  to  occv*  at  a  relatively  constant  flame  temperature, 
of  the  order  of  1500K.  In  a  real  combustor',  due,  to  minting  and  droplet  evaporation,  the  temperature  is 
somewhat  lower.  Equation  (3)  has  a  very  steep  fall  of £  -toward  n  0,  at  an  efficiency  of  602.  This 
value,  of  n  may  be  inserted  into  Eqn.  (3)  and  assumed  to  give  blow-out  loadings. 


0,2 


<4*  Points  used  to  define  D'. 

A  Efficiencies  determined  by  gas  analysis, 

*  Efficiencies  determined  by  pyrometry. 

An  =  n  measured  -n  predicted. 


Fig.  1.  Prediction  of  Combustion  Efficiencies 
Using  Equation  (3). 


Fig.  2.  Prediction  of  Blow-out  Using  Eqn.  (3) 


Figure  2  compares' the  predictions  with  experimental 
results.  As  a  general  indication  the  prediction  is 
satisfactory,  but  there  is  considerable  room  for 
improvement.  To  the  best  knowledge  of  the  author, 
no  prediction  technique  exists  which  will  predict 
ignition  limits.  Of  course,  if  the  system  was  per¬ 
fect,  the  ignition  and  stability  limits  would  coin¬ 
cide.  For  the  particular  can  used  here,  a  rough 
approximation  to  the  ignition  limits  was  achieved 
by  putting  n  =  90%  in  Eqn.  (-3).  This  could  well  be 
circumstantial. 

An  alternative  to  the  use  of  Eqn.  (3)  is  to 
use  the  0  correlation  (Eqn.  4).  This,  however, 
requires  more  experiments,  since  three  or  four  points 
are  required  to  establish  each  curve  for  a  single 
operating  air/fuel  ratio.  Typical  results,  for  the 
same  chamber  as  above,  are  shown  in  Figs.  3  and  4. 

The  A/F  »  60/1  points  show  much  less  scatter  than 
those  for  A/F  =  100/1.  This  might  be  indicative  of 
the  need  to  assume  a  variable  reaction  order,  as 
per  Eqn.  (3).  As  before,  the  fall-off  in  efficiency 
may  be  used  to  predict  blow-out.  The  accuracy  of 
prediction  is  about  the  same  as  that  given  by  Eqn. 3. 

Both  of  the  above  techniques  predict  efficiency 
at  the  exhaust.  If  pollutants  are  required,  either 
an  alternative  parameter  must  be  sought,  or  some 
estimate  may  be  made  by  assuming  that  the  ratio  of 
CO  to  HC  varies  in  the  same  way  as  the  measured 
values  used  to  define  the  correlation  equation.  If 
the  combustion  efficiency  is  in  excess  of  99,5%, 
the  exercise  becomes  academic.  For  the  prediction 
of  NOx,  the  curve  of  Kretschmer  (12]  may  be  used, 
or  that  of  Lipfert  (42]  or  most  other  simple  corre¬ 
lations. 

An  indication  as  to  the  film  cooling  may  be 
obtained  from  the  following  equation  (empirical) 
developed  at  Laval  University. 

%Fllm  Cooling  -  0,1  T±  -  30  (±10%)  (10) 

An  equation  which  predicts  (very  approximately) 
the  traverse  quality  is  - 

Q  *>  (73,85  -  138,5  6P/P)  -  27L/d  (11) 

O  „  /  max  ~  Tmean 

^  Mean  Temp. Rise  uia' 

Both  Eqns.  (10  &  11)  are  relevant  to  convention¬ 
al  combustors  with  conventional  fuel  systems.  There 
are  indications  that  neither  apply  (for  instance) 
to  air-blast  fuel  injection  systems.  The  accuracy 
of  prediction  for  both  equations  is  not  srtisfactory, 
and  better  correlations  should  be  sought.  They  are 
only  a  guide,  and  should  be  accepted  as  such. 


Fig.  3  Prediction  of  Efficiency, Theta  Parameter. 


Fig. 4  Prediction  of  Efficiency, Theta  Parameter. 


It  is  obvious  that  there  is  room  for  improvement  for  all  the  above  techniques.  They  are  given  here 
(a)  because  they  are  'better  than  nothing' ,  and  (b)  they  give'  an  idea  of  the  accuracy  which  must  be 
bettered  by  any  replacement  correlations.  Assuming  that  the  combustor  design  has  proved  to  be  satisfact¬ 
ory  at  this  stage,  the  next  phase  is  to  examine  the  performance  of  the  individual  zones  of  the  combustor. 

3.3  Primary  Zone  Model. 

Any  model  for  use  in’  the  primary  zone  should  predict  one  or  more  of  the  following  - 

(i)  flame  temperature  distribution. 

(ii)  flame  emissivity. 

(Hi)  local  air/fuel  and  composition. 

(iv)  local  gas  velocities. 

(v)  combustor  wall  temperatures. 

(vi)  flame  stability. 

(vii)  carbon  formation  and  consumption. 

There  ace  no  simple  models  which  will  predict  accurately  within  this  zone.  Crude,  empirical  models 
exist  which  give  some  idea  of  the  mean  gas  temperature  and  emissivity,  hot  gas  velocity  and  cooling  jet 
velocity.  Thus,  an  appraisal  of  the  wall  temperature  can  be  made  which,  strangely  enough,,  is  often  suf¬ 
ficiently  accurate  for  engineering  purposes.  Again,  these  predictions,  and  the  observed  accuracy,  re¬ 
present  a  target  for  the  more  refined  techniques. 

For  the  sole  purpose  of  wall  temperature  prediction,  the  following  empirical  equations  have  been 
developed  at  Laval  University.  They  relate  to  the  various  mean  hot  gas  temperatures. 


Tr  "  Ta  +  \  iT0 


„-3, 


n  -  0,56  +  0,44  tanh  [1,5475  x  10  J(T  +  108inPo  -  1863)] 
r  a*  <* 


Tpz  "  Ta  +  °*5npz  (4T* 


1,0  +  4Tpz) 


■pz 


0,71  +  0,29  tanh  [1,5475  x  10  J(T  +  108inPo  -  1363)] 

a  o 


Tout 


pz 


T  +  at 

a  pz  pz 


(12) 

(12a) 

(13) 
(13a) 

(14) 


The  high  values  ascribed  to  these  equations  are  excused  by  the  importance  of  flame  radiation  in  the 
zone.  Based  upon  the  experimental  information  available  it  is  estimated  that  the  flame  temperatures 
predicted  in  this  way  have  the  following  accuracy  - 

t  100K  at  conditions  of  low  efficiency 
t  50K  at  conditions  of  high  efficiency 


The  heat  transfer  equations  used  to  calculate  the  wall  temperature  are  due  to  tefebvre  et  al  [A3] 
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The  emissivity  equation  is  also  that  of  Lefebvre  - 
e  =  1  -  exp.  i  "0,286pLu(f  l)0,5.  t"1'5) 

©  o 


(21) 


However,  the  luminosity  equation  has  been  derived  in  this  laboratory,  based  upon  the  data  given  in 
[43  to  45]. 


Lu,=  0,0691  (C/H  -  1,82)2'71 

The  lilm  cooling  expression  is  that  of  Odgeirs  and  Winter  [46] 
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Using  the  above  equations  and  the  appropriate  film  cooling  correlation  (depena'ni;  upon  the  geometry 
of  the  film  cooling  ..device),  the  wall  temperatures  may  be  predicted  in  the  primary  zone  with  an  accuracy 
of  not  less  than  i  50K.  A  typical  result  is  given  in  Fig.  5.  The  above  accuracy  cannot  be  guaranteed 
for  air-blast  or  similar  systems 


Tig.  5  Wall  Temperature  Predictions. 


Fig.  6  Zone  Temperatures  in  an  Aircraft  Combustor 


In  order  to  provide  the  necessary  detail,  the 
complexity  of.  the  primary  zone  demands  a  two  -  or 
a  three-dimensional  model.  Those  of  Spalding  and 
Co.  are  of  considerable  interest,  as  also  that  of 
[37]-  It  seems  very  doubtful  that  any  of  the  modular 
techniques  would  give  the  required  structural  detail. 
It  would  be  of  considerable  interest  to  compare  some 
of  these  models  and  their  corresponding  predictions. 
It  should  now  be  possible  to  provide  the  experimen¬ 
tal  data  required  to  fully  test  such  techniques. 

Gas  analysis  methods  now  exist  which  will  provide 
the  required  composition  data,  and  the  Pulse  Thermo¬ 
couple  developed  by  Kretschmer  has  been  shown  to  be 
an  accurate  and  fast  way  of  evaluating  the  tempera¬ 
ture  distribution  [47].  A  typical  set  of  traverse 
data  through  an  aircraft  combustor  is  shown  in  Fig. 6. 
The  values  were  obtained  by  sampling  through  the  air 
admission  holes;  samples  between  holes  show  a  some¬ 
what  different  pattern.  The  temperatures  measured 
agree  closely  whith  those  given  by  detailed  gas 
analyses,  although  the  latter  show  the  fuel  efficien¬ 
cy  toibe  quite  low.  Indications  are  that  the  fuel 
efficiency  in  the  primary  zone  is  of  the  order  of 
50%.  These  results  support  the  assumption  that 
hydrocarbons  are  the  result  of  mixing  inefficiency 
and  the  remaining  species  are  kinetic  limited.  It 
has  been  shown[48]that  even  complety  premixed  air 
and  fuel  yield  considerable  amounts  of  hydrocarbons 
when  combusted  in  a  typical  primary  zone.  This 
would  cause  considerable  difficulty  to  the  ’mixing 
limited’  enthusiasts. 

3.4  Secondary  Zone  Model. 

This  is  the  region  where  the  combustion  is  sensi¬ 
bly  completed  and  the  model  should  forecast  - 

(i)  gas  temperature  distribution 

(ii)  local  A/F  and  species  distribution 
(ill)  gas  velocity  distribution 

(iv)  wall  temperature  distribution. 

The  flows  in  this  zone  are  still  complex,  and  it 
is  suggested  that  the  same  models  be  used  in  this 
region  as  for  the  primary  zone.  A  few  gas  analysis 
measurements  suggest  that  Eqn.  (3)  will  reasonably 
predict  the  efficiency  at  the  exit  of  this  zone. 

Other  than  this,  the  only  model  used  extensively  is 
one  to  predict  wall  temperatures.  This  is  identical 
in  procedure  to  that  outlined  in  Para.  3.3,  except 
that  the  mean  gas  temperatures  are  estimated  (at 
Laval)  by  the  following  empirical  equations. 


Tin  =  Tout 
sz  pz 

(24) 

Tout  »  T„  +  n  AT; 
sz  2  sz  9“pz 

(25) 

Tmean  “  Tin  +  Tout 

2 

(26) 

The  simple  model  predicts  wall  temperatures  with  an  accuracy  of  t  30K. 

3.5  Dilution  Zone  Model. 

For  the  simple-model  to  predict  the  wall  temperatures,  the  procedure  is  as  before  but  with  gas  tem¬ 
peratures  given  by  - 

(27) 

(28) 
(29) 

The  accuracy  is  again  1  30K. 


Tin,  =  Tout 
dz  sz 


Tout,.  -  T2  +  nH„ATA=n 


dz 


dz  $=pz 


Tmean,  =  Tin  +  Tout 
dz  -rr= - - 


Obviously  the  complex  model  used  to  predict  conditions  in  the  primary  and  secondary  zones  could 
also  be  used  for  this  zone.  However,  if  it  can  be  definetely  established  that  combustion  is  sensibly 
completed  within  the  secondary  zone,  then  the  possibility  of  a  much  simpler  model  is  obvious. 

3.6  Changes  in  Ambient  Conditions. 

If  it  can  be  avoided,  there  seems  to  be  little  point  in  using  a  complex  model  for  this  purpose. 

The  problem  is  simplyfied  to  some  extent  by  the  fact  that  the  performance  of  the  combustor  is  already 
known  at  some  'near'  condition.  Hence,  it  is  usually  possible  to  utilise  some  type  of  'scaling  factor' 
Kretschmer  [12]  suggests  several  such.  An  example  of  the  predicted  and  measured  changes  in  efficiency, 
due  to  increased  inlet  temperature,  is  given  in  Fig.  7.  The  agreement  is  satisfactory,  but  the  method 
gives  no  indication  of  the  contribution  of  the  individual  pollutants.  These  have  to  be  assessed  from 
a  prior  knowledge  of  the  combustor  characteristics  at  other  conditions. 

Kretschmer's  techniques  will  also  predict  NOx 
changes  fairly  accurately.  Marzeski  et  al  [49] 
specifically  examine  the  effects  of  ambient  changes 
upon  emissions  at  idling  conditions.  They  give  for¬ 
mulae  for  changes  in  HC  and  NOx,  but  report  a  failure 
when  attempting  the  prediction  of  CO.  There  seems 
to  be  a  possibility  of  using  this  work  in  conjunction 
with  that  of  [12]  in  order  to  obtain  a  full  range  of 
predictions  at  all  conditions. 

3.7  Prediction  of  Oxides  of  Nitrogen. 

NOx  has  assumed  such  a  significance  in  the  field 
of  pollution  that  it  seems  reasonable  to  consider  mo¬ 
dels  specific  to  its  prediction.  The  published  lite¬ 
rature  is  so  enormous  that,  a  full  review  here  is  not 
possible.  Comment  will  be  reserved  to  those  papers 
which,  in  the  author's  opinion,  have  widespread  appli¬ 
cation.  For  approximate  estimates,  the  correlations 
of  Kretschmer  [12]  and  Lippfert  [50]  are  adequate. 

The  model  of  Hung  [25  &  26]  is  more  sophisticated 
and  is  claimed  to  predict  accurately  the  effects  of 
(a)  combustor  conditions  (b)  steam  and  water  injection  (c)  the  presence  of  nitrogen  in  the  fuels  (d) 
ambient  changes  and  (e)  changes  in  combustor  geometry.  The  claims  are  supported  by  experimental  evidence, 
and  the  technique  is  worthy  of  further  consideration. 

4.  DISCUSSION 


Fig. 7  Effects  of  Ambient  Temperature  upon 
Combustion  Efficiency. 


It  must  be  concluded  that  there  is  no  model  available  which  will  satisfactorily  take  into  account 
all  the  variables  which  occur  in  the  operation  of  gas  turbine  combustors  and  predict  the  performance  with 
sufficient  accuracy.  A  number  of  models  exist  of  limited  application,  and  othersome  encourage  further 
investigation  since  they  have  the  prospect  of  more  general  usage.  Whilst  work  to  date  has  shed  light  on 
the  general  understanding  of  the  combustion  processes,  the  situation  is  that  there  is  still  no  model 
capable  of  catering  for  the  predictive  requirements  of  real  combustors. 

A  major  reason  for  this  is  the  absence  of  accurate  experimental  data  within  the  combustors  which 
would  enable  any  theory  to  be  comprehensively  tested.  What  is  required  (say)  is  measured  data  from  five 
combustors  operated  over  a  range  of  conditions.  For  each  combustor  there  would  be  a  'map'  of  the  primary, 
secondary  and  dilution  zones  giving  detailed  distributions  of  (a)  temperature  (b)  species  (c)  gas  omissi- 
vity  (d)  velocities  (e)  fuel  droplet  sizes  and  placement  (f)  carbon  measurements  and  (g)  wall  temperature 
measurements.  The  chambers  should  be  selected  so  as  to  include  geometry  variations,  conventional  fuel 
injection,  air-blast  Injection,  pre-vapourised  fuel  and  premixed  fuel/alr. 

It  is  realised  that  this  would  be  an  expensive  project,  but  the  end-result  would  be  to  possess  a 
set  of  data  sufficient  to  test  any  proposed  theory.  The  desire  for  an  adequate  model  is  now  so  strong 
that  it  ought  to  be  possible  to  set  up  a  national,  or  even  an  international,  committee  to  standardise 
the  techniques  of  measurement,  obtain  the  necessary  funds  and  to  place  the  work  in  approved  laboratories. 
If  the  results  led  to  a  satisfactory  'universal'  model;  the  sayings  in  development  time  would  more  than 
amply  repay  the  cost  of  the  work,  as  well  as  assisting  in  the  understanding  of  the  complex  phenomena  of 
combustion  within  a  real  system.  It  is  further  believed  that  any  model  developed  for  the  gas  turbine 
combustcr  could  have  widespread  application  to  other  continuous  flow  combustion  systems  such  as  furnaces 
and  domestic  heating  equipment. 


NOMENCLATURE 


A 

Outer  casing  reference  area 

m. 

a 

Flame  tube  reference  area 

m 

b 

Constant  depending  upon  A/F  (see  13) 

K 

C 

=  E/R 

K 

D 

Outer  casing  reference  diameter 

m 

D' 

Constant 

- 

d 

Flame  tube  reference  diameter 

m 

E 

Activation  energy 

J/mol 

e 

Emissivity 

- 

f 

Reaction  order  for  fuel 

- 

f 

Fuel/air  ratio  (by  mass)  Eqh.  (21) 

- 

K 

Constant 

- 

NOMENCLATURE  (Cont'd) 


k 

Any  constant 

L 

Length  of  dilution  zone 

m 

Lu 

Flame  luminosity 

- 

Ma 

Mach  number 

- 

m 

mass  flow 

mol/s 

m 

Ratio  mols  inerts/mols  oxygen 

- 

N 

Mass  flow 

mol/s 

n 

Overall  reaction  order 

- 

0/F 

Oxygen/fuel  ratio  (mass  or  volume) 

- 

P 

Pressure 

Pa  (a  tin) 

Q 

Traverse  quality 

- 

q 

Velocity  head 

Pa 

R 

Gas  constant  _g 

Radiation  constant  (5,667  x  10  ) 

J/W.K) 

W^raY) 

S 

s 

Slot  thickness 

m 

T 

Temperature 

T3 

V 

Volume 

m  (1) 

X 

Distance  from  film  cooling  slot 

m 

AP 

Pressure  drop 

Pa 

AT 

Theoretical  temperature  rise 

K 

£ 

Fractional  oxygen  consumption  efficiency 

- 

e 

Parameter,  see: Eqn.  (4) 

- 

X 

Gas  conductivity 

Wftn.K) 

u 

Gas  viscosity 

kg/sm  Pa.s 
kg/  (s.nt  Pan) 

Y 

Fuel  loading,  see  Eqn.  (3),  Ref.  11 

r. 

Combustion  efficiency 

- 

5 

Parameter  =  log  log  (1/n) 

- 

n 

Engine  Compression  Ratio 

SUFFIXES 

a 

inlet  air  (or  amount  of  air  in  outer  casing  at  any  point. 

c 

film  cooling 

dz 

dilution  zone 

f 

fuel 

g 

hot  gas  or  flame  gas 

1 

at  inlet  conditions 

m 

mass 

pz 

primary  zone 

r 

recirculation  zone 

ref 

reference  point 

sz 

secondary  zone 

V 

volume 

w 

wall 

1 

refered  to  within  combustor 

2 

refered  to  outer  casing 
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DISCUSSION 


W.Krockow,  Ge 

As  you  referred  to  my  paper,  comparing  your  temperature  distribution  with  the  presented  AFR  distribution  in  my 
paper,  I  must  point  out,  that  this  comparison  is  invalid  because  I  made  a  statistical  distribution  while  you  presented 
a  local  distribution.  You  can  do  a  comparison  if  you  plot  the  mass  fraction  of  equal  temperature  containing  areas 
above  temperature. 

Author’s  Reply 

I  thank  Dr  Krockow  for  his  correction  and  will  examine  our  data  in  the  light  of  his  remark.  My  point  was  that  it 
seems  unlikely  that  all  flame  tube  geometries  could  be  represented  by  the  same  distribution. 


D.C.Dryburgh,  UK 

I  should  like  to  comment  on  Prof.  C'dgers  talk  and  say  a  word  in  defence  of  large  models. 

(1)  We  are  having  to  consider  much  more  complex  flame  tubes  and  we  never  know  with  models  whether  the 
correlations  are  still  valid. 

(2)  I  agree  with  Prof.  Odgers  that  it  is  probably  unlikely  that  any  single  model  will  do  everything. 

(3)  Models  have  an  important  role  in  giving  improved  understanding  of  what  is  going  on  in  the  flame  tube.  We  have 
used  a  3-D  model  to  look  on  the  complex  3D  flow  near  a  swirl  injector  in  an  annular  flame  tube  and  the  flow  is 
very  complex  and  impossible  to  gvess.  The  details  are  needed  by  the  combustion  engineer  developing  the 
flame  tube.  Having  got  to  this  stage  it  is  worth  while  extending  the  model  to  calculate  the  chemistry  and  the 
efficiency. 

Author’s  Reply 

With  regard  to  the  first  point,  I  agree  that  it  is  unwise  to  use  simple  models  outside  the  range  of  conditions  for  which 
they  were  established  but  my  experience  with  several  larger  models  is  that  they  appear  even  more  sensitive  to  extra¬ 
polation. 

The  third  item  is  well  put.  I  had  hoped  that  during  my  presentation  that  1  had  expressed  that  the  complex  model 
does  indeed  describe  phenomena  which  is  beyond  the  scope  of  the  simple  model.  However,  this  does  not  alter  my 
belief  that,  currently,  the  simple  model  offers  more  to  the  design  engineer  and  will  do  so  for  some  time  to  come. 


D.T.Pratt,  US 

Remember  those  2  famous  words: 

(1)  Enrico  Fermi  (on  the  20th  anniversary  of  quantum  mechanics):  “We  are  still  confused,  but  on  a  higher  level”. 

(2)  Another  quote:  “Garbage  in,  Garbage  out"  holds  as  well  for  slide  rules  as  for  computers! 

Author’s  Reply 

It  is  difficult  to  make  a  response  to  the.se  quotations  except  to  say  that  I  could  not  help  but  agree  with  them  as 
statements. 


Comment  by  D.T.Pratt*  US 

Jn  context  (p.25-4,  §  2.3),  Reference  31  and  32  should  be: 


31.  Pratt,  D.T. 

32.  Pratt,  D.T. 
Wormeck,  J.J. 


Calculation  of  Chemically  Reach,  j  Flows  with  Complex  Chemistry,  in  Studies  in 
Convection,  Vol,2,  B.E.Launder,  Ed.,  Academic  Press,  1977. 

CREK-A  Computer  Program  for  Calculation  of  Combustion  Reaction  Equilibrium 
and  Kinetics  in  Laminar  or  Turbulent  Flows  -  Washington  State  University  Report 
WSU-ME-TEL-76-1 ,  1976. 


S.Wittig,  Ge 

“Accuracy”  as  defined  seems  not  always  to  have  highest  priority  in  this  phase  of  modelling.  Even  in  the  relatively 
simple  case  (see  3.5)  of  the  dilution  zone,  simple  correlations  will  be  insufficient  in  really  understanding  the  effects 
of  various  parameters.  The  need  for  more  advanced  detailed  models  in  aiding  the  designer  seems  to  be  clearly 
established. 

Author’s  Reply 

As  I  said  in  my  presentation,  the  accuracy  of  the  simple  models  is  not  yet  sufficient, .but  it  seems  to  be  often  better 
than  the  complex  models.  Phenomenologically,  the  latter  produce  a  better  description  but  it  is  my  impression  that 
in  the  immediate  future  the  combustion  engineer  will  have  to  rely  on  empirical  or  semi-empirical  models.  I  do  not 
see  the  complex  models  being  available  (with  sufficient  quantitative  accuracy)  within  the  next  five  to  ten  years. 


"  ETLVE  VE  L’AEROVymiQUE  V'UNE  CHAMBRE  VE  COMBUSTION 
EN  VUE  V'UNE  MOVELJSATJON  SEMI-EMPIRIgUE" 
par  Patrick  HEBRARD  et  Philippe  MAGRE 

Office  National  d' Etudes  et  de  Recherches  ASrospatiales 
92320  -  Ch&tillon-sous-Bagneux  /FRANCE) 
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La  prevision  des  performances  de  la  combustion  et  de  la  formation  des  especes  polluantes 
dans  les  foyers  de  turbomachine,  necessite  une  methode  de  calcul  qui  tienne  compte  de  tous  les  phe- 
nomenes  qui  se  produisent  dans  les  differentes  parties  du  foyer. 

Parmi  ceux-ci  les  effets  de  1' aerodynamique  des  gaz,  souvent  les  plus  meconnus,  sont  ndcesnaires 
pour  etayer  les  methodes  de  modelisation  des  chambres  de  combustion  par  une  combinaison  de  foyers  elS- 
mentaires.  II  faut  pouvoir  dScrire  1' organisation  de  ceux-ci  ;  c'est-3-dire  s  emplacement,  nature,  vo¬ 
lume,  repartition  des  debits,  connection  entre  chacun  d'eux.  C'et pourquoi  des  experiences  ont  ete  con- 
duites, simultanSment  dans  des  maquettes  de  chambre  de  combustion  fonctionnant  5  chaud  et  2  froid.  Ces 
experiences  ont  pour  but  de  : 

-  caracteriser  l'aerodynamique  de  la  chambre  de  combustion 

(visualisations  en  tunnel  hydrodynamique  et  mesures  de  vitosse  sur  modele  aerodynamique)  ; 

-  mesurer  les  temps  de  sejour  dans  le  tube  2  flammme  par  thermodilution  (aerodynamique)  et  par 
suivi  de  particules  (tunnel  hydrodynamique  )  ; 

-  determiner  1'efficacitS  de  combustion  et  la  production  des  especes  polluantes  en  fonction 
du  rdgime. 

L'utilisation  de  ces  resultats  pour  l'elaboration  du  modele  monodimensionnel  par  foyers  ele- 
mentaires  permet  de  calculer  la  fonction  de  distribution  des  temps  de  sejour  en  sortie  des  reacteurs 
elementaires  et  en  particulier  de  la  zone  primaire.  ,Les  performances  globales  du  foyer  sont  dgalement 
prddites.  L' accord  entre  les  rdsultats  des  calculs  et  des  experiences  avec  et  sans  combustion  est  sa- 
tisfaisant  vu  la  oimplicitS  des  hypotheses  de  depart. 


"AEmmmc  stuw  of  a  combustion  chamber 

WITH  A  VIEW  TO  ITS  SEMI-EMPIRICAL  HOVELLING 


The  prediction  of  combustion  performance  and  of  polluting  species  formation  in  turbomachine 
combustors  requires  a  calculation  method  that  takes  into  account  all  phenomena  taking  place  in  various 
parts  of  the  combustion  chamber. 

Among  these,  aerodynamic  effects,  often  very  poorly,  known,  must  be  introduced  to  justify  model¬ 
ling  methods  based  on  a  combination  of  elementary  combustors  ;  these  methods  rest  on  a  correct  des¬ 
cription  of  their  features  and  their  relationships  :  location,  nature,  volume,  flowrate  distribution, 
connexions. 

To  this  end,  experiments  were  carried  out  on  a  combustor  model,  both  without  and  with  combustion, 
with  a  view  to  : 

-  characterize  the  combustor  aerodynamics,  by  visualizations  in  the  water  tunnel  and  velocity 
measurements  on  an  aerodynamic  model, 

-  measure  residence  times  in  a  flame  tube  by  thermodilution  (aerodynamics)  and  particle  dyna¬ 
mics  (water  tunnel) , 

-  determine  the  combustion  efficiency  and  the  polluting  species  production  for  each  regime. 

Using  these  results  for  the  development  of  a  one-dimensional  model  of  elementary  combustors 
makes  it  possible  to  calculate  the  distribution  function  of  residence  time  in  all  elementary  reactors, 
especially  in  the  primary  zone.  The  overall  performance  of  the  combustor  can  also  be  predicted.  The 
agreement  between  calculated  and  experimental  results  is  satisfactory  if  we  consider  the  simplicity 
of  the  assumptions  on  which  the  model  is  based.  ' 


NOTATIONS 
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Cp  Chaleur  massique  a  pression  constante 

Concentration  en  fonction  du  temps  d'un  tra- 
ceur  a  l"entree  ou  3  la  sortie  du  foyer. 
Fonction  distribution  des  temps  de  sejour 

Fjffc)  Fonction  reoartition  des  tamos  He  sejour 

Debit  de  kerosene  dans  le  foyer  Slementaire 
0  • 
n  x, 

Quantite  de  mouvement  suivant  X  et  Y  du  jet 
primaire 


■ki 

A ,  A 


^  5  Nombre  de  moles  du  constituant  par  unite  de 
masse  du  melange. 


ju 


Pression  3  1'entrSe  de  la  chambre  de  com¬ 
bustion 


V 

Q 

Q* 

Qt 

Qc 

Qj 

Qf 

Qf 

Q»* 

Qn 


Debit  d'air  dans  le  foyer  Slementaire  n“+ 

DSbit  d'air  total  dans  le  foyer. 

Debit  d'air  dans  les  orifices  primaires. 

Debit  d'air  dans  les  orifices  de  dilution. 
DSbit  d'air  dans  les  Cannes  (Maquette  B). 

DSbit  d'air  dans  les  films  des  Cannes  (ma¬ 
quette  3)  . 

DSbit  d'air  en  fond  de  chambre  (Maquette  B) . 

Debit  d'air  dans  un  film  de  refroidissement. 

Debit  d'air  primaire  ne  participant  3  aucune 
recirculation  dans  la  zone  primaire 

DSbit  d'air  primaire  recirculant  en  fond  de 
chambre. 

DSbit  d'air  primaire  recirculant  lateralement. 


Qni~  Qn  *  Qf 


T,T< 

m 

vi 

Vj 
Ve^t 


a<q 
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O'n. 

•  CkjfQ'fit 


Temperature  -  tempSrature  3  1' entree  du  foyer. 

Volume  du  rSacteur  SISmentaire  n*A 
Volume  total  du  foyer..  , 

Vitesse  dans.Ie  jet  primaire. 

Vitesse  de  l'air  entre  le  carter  et  le  tube 
3  flamme. 

Coordonnees  dans  la  zone  primaire. 

Enthalpies  de  reaction. 

Fraction  de  dSbit  entraine 
Richesse  global  du  foyer 
Efficacite  de  combustion 
Angle  raoyeo  du  jet  primaire. 

Fractions  de  debit. 

Taux  de  recirculation  global  (mesurS 
avec  combustion) . 

Taux  de  recirculation  en  fond  dc  chambre. 

Constante  de  temps  des  fils  de  chauffage 

Temps  de  sejour  moyen  -  Temps  de  sSjour  moyen 
mesure . 

Facteiir  de  charge  du  foyer. 


1  -  INTRODUCTION 


La  prevision  des  performances  des  foyers  de  turbomachine  tant  du  point  de  vue  de  1'effi- 
cacite  de  combustion  que  de  la  pollution  exige  [I,2]exige  une  technique  de  modelisation  suf fisamment  preci¬ 
se  et  realiste  pour  tenir  compte  des  divers  phenomenes  dans  chaque  partie  du  foyer. 

Parmi  les  methodes  de  modSlisation[  3  1,  on  peut  distinguer  deux  groupes  priueipaux  : 

-  le  premier  consiste  3  reprSsenter  chacune  des  regions  principales  du  foyer  par  une  suc¬ 
cession  de  reacteurs  chimiques  elementaires  [ 4—  S— 6J  .  On  peut  predire  alors  le  comportement  global 
du  foyer  ou  meme  effectuer  une  optimisation  de  ses  performances  [4]  . 

-  selon  le  second  groupe  de  methodes,  on  etudie  dans  le  detail  chaque  region  principale 
du  foyer  :  ainsi  la  zone  primaire  n'est  plus  consideree  comme  un  ou  plusieurs  reacteurs  elementai¬ 
res  mais  comme  une  zone  de  combustion  turbulente  dans  un  Scoulement  tridimensionnel  [ 7—  8—  9— 1 0- 11]  . 

La  validation  de  ces  modeles  necessite  1' experimentation  de  diverses  chambres  de  combus¬ 
tion.  En  particulier,  la  mise  en  oeuvre  de  modeles  monodimensionnels  (succession  de  reacteurs  ele¬ 
mentaires)  demande  une  bonne  connaissance  de  la  dynamique  des  gaz  dans  le  foyer.  Ainsi  il  est  neces- 
saire  d'avoir  des  informations  concernant  les  reacteurs  elementaires  :  emplacement,  volume,  tenps 
de  sejour,  etc...  . 

Dans  ce  but,  une  serie  de  maquettes (figure  1)  a  ete  essayee.  La  zone  primaire  d'un  foyer 
de  turbomachine  A  a  ete  materialisee  sous  forme  de  montages  pouvant  rSpondre  a  differentes  utili¬ 
sations  : 

-  maquettes  ou  demi-maquettes  fonctionnant  en  air  froid  pour  des  mesures  de  vitesse,  de 
turbulence,  de  temps  de  sejour  par  thermodilution. 

-  demi-maquettes  placees  en  tunnel  hydraulique  afin  de  visualiser  l'Scoulement  et  d'y  me- 
surer  les  temps  de  sejour  par  comptage  de  particules  et  traitement  du  signal  vidSo. 

-  maquette  complete  StudiSe  avec  combustion  (relevS  des  performances  en  fonction  du  regi¬ 
me  ;  analyse  de  la  combustion  par  Bondages  3  l'interieur  du  foyer). 

Ces  diverses  experiences  ayant  dnnne  des  resultats  juges  trop  lies  3  un  type  particulier 
de  cl.arabre,  ceux-ci  one  ete  poursuivis  dans  un  foyer  B  (figure  1),  cette  chambre  B  est  dSrivSe  de  A 
mais  en  diff&re  par  : 

-  le  fond  de  chambre  qui  est  raccourci, 

-  la  presence  de  canne„  i  prevaporisation  qui  remplacent  les  injecteurs  de  carburant  si- 
tues  dans  les  orifices  primairesde  A. 

-  Les  orifices  primaires  qui  sont  reduits  de  maniSre  3  conserver  le  debit  primaire  malgre 
1' introduction  d'air  par  les  Cannes  3  prevaporisation, 

Le  but  de  cette  etude  ne  consiste  pas  3  optimiser  ni  une  chambre  de  combustion  particuliere 
ni  un  modele  de  calcul.  Au  contraire,  on  utilise  un  module  volontairement  simple  dont  la  dSfinition 
s'appuie  sur  les  caracteristiques  aerodynamique s  effectives  des  ecoulements  etudiSs. 

A  partir  des  resultats  expSrimentaux  recueillis  dans  les  chambres  A  et  B,  une  modelisation 
monodimensionnelle  a  et£  SlaborSe  pour  chacune  d'elles.  Les  differences  entre  ces  deux  chambres  et 
leurs  performances  sont  discutSes  ainsi  que  les  rSsultats  de  la  modSlisation. 

2.-  ETUDE  EXPER1MENTALE  SANS  COMBUSTION 

2.1-  Moyens d^essai  ~~ 

Bien  que  ne  permettant  pas  de  prSsenter  1' ensemble  des  phenomSnes  intervenant  dans  les 
ecoulements  avec  changement  de  densitS  et  cinSt ique  chimiquc,les  Studes  par  simulation  sur  modules 
fonctionnant  3  froid  constituent  un  outil  prScieux  pour  la  comprehension  de  1 ' aSrodynamique  inter¬ 
ne  des  chambres  de  combustion.  Plusieurs  Studes  ont  d£j3  confirms  la  similitude  entre  Scoulements 
avec  et  sans  combustion  3  condition  que  les  nombres  de  Reynolds  focJSs  sur  les  conditions  d'entree 
soient  comparables  [12-13-H]  .  Plusieuzs  maquettes  semblables  3  celles  StudiSes  en  combustion  ont 
done  fait  1'objet  d'essais  sur  les  deux  installations  suivantes  : 

-  un  tunnel  hydrodynamique 

-  une  veine  aerodynamique 

2.1.1-  Tunnel_h^drod^ami£ue_- 

Sur  un  tunnel  lydrodynamique  semblable  3  celui  utilisS  par  H.  WERLE  | 1 5]  ,  nous  avons 
mi.  tm  oeuvre  des  techniques  classiques  de  visualisation  (filets  colores,  bulles  d'air  ou  d'hydro- 
gene  par  Slectrolyse)  pour  preciser  ia  configuration  de  1,'ecouiement.  Les  visualisations  qualita- 
tives  sont  completeessous  un  aspect  quantitatif  ,splcialement  utilise  pour  les  mesures  de  temps  de 
sejour  par  comptage  de  microparticules  neutres  vis  3  vis  de  l'Scoulement  [16-18]  .  Les  techniques 
mises  en  oeuvre  qui  font  appel  au  traitement  de  signaux  vidSo  risultant  des  enregistrements  des  di¬ 
vers  essais,  sont  largement  discutes  dans  les  references  [16  et  20]  . 

2.1.2-  Veine^Srod^namigue 

La  veine  aerodynamique  sur  laquelle  peuvent  etre  montees  plusieurs  types  de  maqueftes 
[19]  permet  d'effec’tuer  des  cartographies  tridimensionnelles  de  vitesse  3  partir  d'un  fil  chaud 
tournant  selon  une  technique  mise  au  noint  au  CERT  [17]  .  Les  cartographies  de  vitesse  sont  complS- 
tees  par  des  mesures  de  fonction  de  repartition  de  temps  de  sejour  obtenues  par  une  technique  ori- 
ginale  de  traceur  thermique  par  thermodilution  [19]  .  Cette  technique  dont  le  principe  est  reprSsente 
3  la  figure  2  associe  un  chauffage  de  l'Scoulement  par  impulsions  electriques  calibrees  sur  des  fils 
thermorSsistifs,  une  mesure  de  fluctuations  de  temperature  par  fil  chaud  3  faible  taux  de  surchauffe 
et  un  echantillonnage  par  mpyenne  humSrique. 


2 . 2-  Rgsultats  qualitatifs  sur  les  visualisations 

Compte  tenu  de  la  complexitS  et  du  caractere  fortement  tridimensionnel  de  l'ecoulement  dans 
la  zone  primaire,  les  visualisations  sont  indispensables  pour  permettre  d' interpreter  les  diverses  mesures 
(vitesse,  temps  de  sejour,  etc...)  effectuees  en  parallele.  Elies  permettent  aussi  de  voir  rapidement 
l'effet  du  a  une  modification  (geooetrique  ou  cinetique)  sur  l'ensemble  de  l'ecoulement. 

La  configuration  de  base  A'  est  la  configuration  sans  canne  et  avec  fond  de  chambre  allonge  ; 
on  dtudie  ensuite  1' influence  due  a  une  modification  de  ces  demiers  points. 

De  nombreuses  visualisations  par  filets  colores  ont  conduit  a  la  description  suivante  de 
l'ecoulement.  Cette  representation  qui  montre  le  caractere  fortement  tridimensionnel  de  l'ecoulement 
contraste  singulierement  avec  les  schematisations  habituelles  (jet  et  tourbillon  importants  en  fond  de 
chambre) .  Les  jets  primaires  penetrent  dans  la  chan&re  en  creant  un  double  systeme  de  tourbillons  : 

-  lateralement  ,  une  paire  de  tourbillons  d'axe  OX,  qui  sont  le  siSge  de  vitesses  dlevees, 
s'etendent  jusqu’a  la  dilution  et  remontent  en  partie  au  fond  de  chambre  (figure*3  et  4).  Le  caractere 
fortement  instable  de  leur  surface  de  contact  se  traduit  par  une  alimentation  alternative  entre  ces 
derniers. 

-  par  un  leger  msuvement  hdlicoidal  en  amont,  ces  tourbillons  font  recirculer,  en  fond  de 

chambre,  une  partie  QR1  du  dSbit  primaire  Q4  -  Ce  debit  se  retrouve  en  partie  dans  un  tourbillon 

de  petite  taille  d'axe  OZ  assurant  la  continuite  avec  le  precSdent(tourbillon  en"fer  3  cheval*) . 

-  le  reste  du  debit  Q  alimente  une  partie  du  fond  de  chambre  de  fagon  instationnaire  au 
voisinage  du  plan  de  symetrie  entre  orifices  (ZotJO), 

-  Dans  leur  parcie  laterale  et  aval,  les  tourbillons  d 'axe OX  sont  alimentSs  par  la  fraction 
Q  du  debit  primaire  et  traverses  en  leur  coeur  par  le  dSbit  venant  du  fond  de  chambre. 

Enfin  une  partie  Qsdu  dSbit  primaire  va  directement  vers  la  dilution  quasiment  sans  melange 
avec  le  reste  de  l'Scoulement  primaire, 

Ces  divers  commentaires  doivent  etre  complStSs  par  les  deux  remarques  suivantes  : 

-  II  est  Svident  que  le  passage  entre  QR1  ,  Qw  ,  Qp  est  plus  continu  qu’il  n'apparait  dans 
la  description  prScSdente  mais  cette  derniSre  a  d6j3  Ste  effectuSe  dans  l'optique  d'une  modSlisation 
par  combinaison  de  rSacteurs  SISmentaires  alimentSs  de  fagon  discrSte  par  diffSrents  dSbits. 

-  Une  part  importance  du  fond  de  chambre  (figure  3)  ne  participe  pratiquement  pas  3  l'Scou- 
lement  et  peut  etre  considSrSe  comme  une  zone  quasi-morte.  Ceci  nous  a  conduit  3  rSduire  le  volume  de 
ce  dernier  dans  la  seconde  maquette  B. 

En  dehors  de  celle  portant  sur  le  volume  du  fond  de  chambre,  la  scconde  modification-.envisagee 
concerne  la  simulation  des  Cannes  3  prevaporisation.  De  nombreux  essais  ont  StS  effectuSs  3  divers  dS¬ 
bits  en  modifiant  les  deux  paramStres  suivants  : 

-  dSbit  de  Cannes  ■  Qc/Q)  (de  03  40  2), 

-  position  des  Cannes  par  rapport  aux  orifices  primaires. 

Un  des  roles  des  Cannes  Stant  d'amSliorer  la  recirculation  du  fond  de  chambre  ,  on  a  done 
effectuS  une  Stude  systSmatique  permettant  de  positionner  ces  dernidres  de  fagon  3  obtenir  dans  tous 
les  cas  de  fonctionnement  un  dSbit  Qe  alimentant  le  fond  de  chambre  .  Les  rSsultats  de  ces  essais  t!8) 
ont  conduit  3  faira  dSboucher  ces  derniSres  au  1/3  amont  des  orifices  primaires. 

Qualitativement,  on  ne  remarque  pas  de  diffdrence  notable  avec  les  cas  sans  canne  si  ce  n'est 
sur  le  fond  de  chambre,  point  sur  lequel  nous  reviendrons  par  la  suite  (temps  de  sejour). 

2.3-  Masures_de_vitesse__et_rSEar t i tion_des_d6bits 

2.3.1-  Mesures^ de_vi tes se 

A  la  figure  5  sont  presentds  quelques  rSsultats  signif icatifs  sur  les  mesures  de  direction  de 
vitesse  dans  la  zone  primaire  obtenues  dans  le  cas  suivant  : 

configuration  A 

dSbit  total  0,25  kg/s. 

On  y  retrouve  plusieurs  Slements  obtenus  par  visualisation  (par  exemple  s  tourbillons  latS- 
raux  importants  avec  mouvement  heligoidal). 

Un  parametre  important  pour  la  modelisation, Stant  la  part  de  dSbit  (Q  recirculant  en  fond 
de  chambre  mais  en  ressortant  ensuite  (par  opposition  au  dSbit  entrains  qui  reste  dans  la  zone  de  re¬ 
circulation),  nous  avons  cherche  a  le  mesurer  . 

2.3.2-  Mesure_de_2ftt„_ 

Deux  mSthodes  complSmentaires  ont  et£  enploySes  pour  cette  mesure  : 

a)  3  partir  des  sondages  de  vitesse  [19] 

La  premiere  mSthode  consiste  3  dSterminer  3  partir  des  cartographies,  de  vitesse  et  de  sa 
"trace"  dans  le  plan  Y  *  0,  la  surface  de  sSparation  entre  les  deux  fractions  de  debits  suivantes  : 

9*<=  ‘t'Q* 

et  ('t-'S')Qi 

Les  resultats  de  ces  mesures,  correspondant  3  la  maquette  A,  sont  prSsentSs  3  la  figure  6  en 
fonction  des  parametres  gSometriques  (h/H  ou  et-cinematiques  (Vy) . 

b)  3  partir  des  temps  de  sejour 

Dans  le  cas  o3,  comme  pour  la  maquette  B’,  le  volume  occupe  en  fond  de  chambre  par  l'Scou- 
lementlement  est  connu,  la  mesure  de*5^(temps  de  sSjour  moye'n  en  fond  de  chambre.)  permet  d'accSder  a  Q  Rt . 


Vi 

Qm  +  Qc 


On  mesure  de  faqon  semblable  Q  S1  par  : 

^2= — — _ 

Qm  +Q<12+Qc  , 

Les  essais  obtenus  sur  un  banc  hydraulique  ( S  242)  sont  presentes  a  la  figure  7  pour  0  ■<  35  %. 

Les  valeurs  pourOt.=  0  sont  compatibles  avec  les  essais  precedents,  ce  qui  confirme  l'existence 
d'un  volume  mort  en  fond  de  chambre  dans  le  cas  de  la  maquette  A'.  On  notera  avec  interet  les  evolutions 
de  QRr  QR2,  Qp  avec  Qe/Q).. 


2.4-  Hesures_de_temgs_de_seiour 

Pour  completer  les  essais  en  vue  de  parfaire  la  modelisation,  nous  avons  cherche  a  deter¬ 
miner  la  fonction  de  distribution  de  temps  de  sejour  ^  (t)  (ou  F  (t)  fonction  de  repartition)  en  di¬ 
vers  point  du  foyer.  La  technique,  classique  dans  son  principe,  consiste  A  injecter  en  entree  une  fai- 
ble  concentration  Ce(-C)  d'un  traceur  que  l'on  detecte  en  sortie  (C^-O);  on  montre  aisement  que  dans 
ce  cas  [  21  ]  , 

c4(*)-  Jo 

Sur  ce  principe  et  compte  tenu  des  imperatifs  lies  3  ces  essais  (emplacement,  temps  de  reponse...), 
nous  avons  mis  en  oeuvre  deux  techniques  originales  de  mesure. 

2.4.1-  5>esures_sur_banc_aerod^nami2ue 

La  technique  par  thermodilution  dans  laquelle  C^ijcorrespond  3  un  echelon  descendant  per- 
met  done  d'obtenir  rapidement,  en  un  point  quelconque  du  foyer,  la  fonction  de  repartition  de  temps  de 
sejour  F  (.fc)  entre  l'entree  de  la  zone  primaire  et  le  point  de  mesure  par  : 

F(lr)  =  A  -  CjU) 


Bien  qu'effectuees  pour  differences  vitesses,  les  mesures  ne  sont  prdsentees  que  pour  le 
cas  Vj  «  25  m/s.  Cette  valeur  correspond  3  un  optimum  compte  tenu  du  niveau  du  signal  de  temperature 
3  mesurer  et  du  rapport  entre  le  temps  de  sejour  moyen  et  la  constante  du  temps  des  fils  de  chauffage 
de  l'ecoulement. 


2. 4. 1,1  -  Mesures_en_aval_de_la_zone_grimaire 

Pour  tous  les  points  situes  en  aval  et  dans  la  zone  de  dilution,  les  courbes  de  dS- 
croissance  en  temperature  sont  semblables  et  prSsentent  les  caracteristiques  suivantes  (fig.  8). 

1/  aux  premiers  instants  suivant  le  refroidissement,  la  tempSrature  conserve  la  valeur 
initiale  Tc  pendant  une  durfie  A  to  dependant  du  point  de  mesure, 

2/  vient  ensuite  une  zone  de  transition  de  10  3  20  ms, 

3/  enfin,  suit  une  zone  de  dScroissance  plus  ou  moins  exponentielle  dont  la  constante 
de  temps  mesuree  ,  pratiquement  indfpendante  du  point  de  mesure,  vaut  sensiblement 
155  ms  (valeur  exacte  i  1153  120  ms)  (y  compris  la  zone  de  transition). 

l2££EEE§£2!ii2H 


Les  courbes  de  decroissance  en  temperature  comportent  deux  types  d' informations 
concernant  d'une  part,  la  fonction  de  repartition  de  temps  de  sSjour  en  sortie  de 
zone  primaire  et  d' autre  part,  la  nature  de  la  zone  de  dilution. 


En  effet,  la  fraction  du  signal  correspondent  aux  portions  (2)  et  (3)  ainsi  qu'3 
une  partie  de  la  zone  (1),  est  caracteristique  de  la  fonction  de  distribution  de 
temps  de  sejour  en  softie  de  zone  primaire.  Ce  signal,  arrivant  3  l'entree  de  la  zone 
de  dilution  est  ensuite  translate  dans  cette  dernidre,  sans  deformation  et  sur  une 
durfe  dSpendarite  de  la  distance  du  point  de  mesure  3  1 1 entrSe . 


Ce  rScultat  est  confirms  par  le  trace  (fig.  8)  do  Ato-en  fonction  de  l'abscisse.  Apres 
une  zone  de  transition  localisee  au  niveau  des  orifices  de  dilution,  ces  courbes  qua- 
siment  lineaires  dans  la  zone  de  dilution  ont  une  pente  dont  la  valeur 


cLX 

oiAfco 


2  3,4  m/s 


semble  tout  3  fait  compatible  avec  la  vitesse  moyenne  de  l'ecoulement  (3,1  m/s)  dans 
cette  zone  et  conduiseht  3  modSliser  la  dilution  comme  un  reacteur  de  type  piston. 


2. 4. 1.2  -  Mesuresmen_sortie_et_dans_la_zone_grimaire 

Les'  courbes  de  decroissance  en  temperature  (fig.  9)  sont  semblables  aux  prScedentes 
mais  ici  et  A-to  dependent  du  point  de  mesure.  En  softie  de  zone  primaire,  les  Scarts  entre  courbes 
y  montrent  bien  le  caractere  inhomogene  de  l'ecoulement  s 

-  Resultats  identiques  dans  les  tourbillons  lateraux  (Zv  10  3  15) 

•Dans  le  plan  de  symetriez=  0  des  relevSs  differents  correspondant  a  des  trajets  d'ecou- 
lement  differents  (la  fraction  de  Op  interceptee  se  traiuisant  par  une  diminution  de  t**,,  auemente  vers  la 
.zone  d '  imoact  des  jets  \  ^0)  . 

On  retrouve  cette  disparity  dans  la  zone  primaire  : 

-  temps  de  sejour  moyen  tr3s  variable  (200  ms  en  fond  de  chambre,  140  ms  3  170  ms 
lateral ement,  100  ms  a  140  ms  en  aval  des  jets  (fig.  9)  ). 

-  courbes  iso  A  to  (fig. 10)  permettant  de  retrouyer  la  presence  de  tourbillons  lat£- 
raux  (coupe  B  -  B')  et  la  convergence  de  l'ecoulement  entre  orifices  en  fond  de  chambre(coupe  A-A'). 


Ces  quelques  resultats  montrant  1' impossibility  d'une  modelisation  de  la  zone  primaire  sous 
forme  d'une  combinaison  simple  de  reacteurs  elementaires,  nous  ont  conduit  a  completer  ces  mesures, 
sur  banc  hydraulique  par  comptage  de  particules. 

2.4.2  -  Mesures  sur  banc  hydraulique 

Dans  ce  cas,  la  mesure  se  fait  en  comptant,  au  moyen  des  techniques  decrites  en  [20],  les 
temps  de  sejour  pour  un  nombre  significatif , (200  a  500  suivant  les  essais),de  particules  neutres  par 
rapport  a  l'ecoulement  dont  on  peut  modifier  le  point  d' injection. 

Les  mesures  sont  effectuees  aux  points  suivants  : 

-  sortie  de  fond  de  chambre, 

”  sortie  de  zone  primaire. 

Apres  avoir  verifie  devolution  des  temps  de  sejour  suivant  une  loi  46  **  O*  en  fonction 
du  dSbit  Q,  on  prSsente  les  principaux  resultats  correspondents  au  cas  d'ecoulement  suivant  : 

Q]  =  50  cmS/s  par  orifice  primaire 

2. 4. 2. 1  -  Mesures  en  sortie  de  fond  de  chambre 

Dans  le  cas  Q$  ■  0,  les  rlsultats  prisentls  figure  1 1  conduisent  a  adopter  pour  le  fond  de 
chambre  un  rSacteur  homogene  (ceci  est  possible  puisque  la  sortie  et  1'entrSe  en  sont  confondus) . 

Dans  le  cas  0  pour  tenter  de  preciser  ce  point,  nous  avons  completS  chaque  mesure  par 
un  suivi  de  la  particule  au  moyen  de  la  camera  vidSo  de  faqon  8  associer  3  chaque  temps  de  transit, 
un  trajet  de  particule.  Les  trajets  caractSristiques  sont  schematisSsa  la  figure  12  sur  laquelle  on 
peut  distinguer  s 

Les  particules  entrainSes  par  le  jet  des  Cannes-  et  faisant  un  (ou  plusieurs)  aller  et 
retour  au  fond  de  chambre  au  voisinage  du  plan  2  ■  0.  Les  courbes  donnant  $-(t)  pour  ces  seules  parti¬ 
cules  sont  caractSristiques  de  reacteurs  piston  avec  une  certaine  diffusion  (fig. 12). 

-  Les  particules  entrainSes  par  les  tourbillons  latSraux  er  fond  de  chambre  au  voisinage  du 
plan  2  ■  i  30. 

L'examen  des  courbes  conduit  done,  dans  ce  cas,  A  identifier  un  rSacteur  piston  suivi  d'un 
foyer  homogSne  (fig. 12). 

Remarque  :  Cette  analyse  conduirait  A  une  modSlisation  assez  fine  qui  a  StS  ensuite  simplifiSe  dans 
le  but  de  ne  pas  etre  Crop  particuliSre  8  ce  type  de  foyer,  D'autre  part,  certaines  configurations 
(par  exemple  avec  retour)  ne  sont  pas  modelisables  actuellement. 

2. 4. 2. 2  -  Mesures_en_sortie jle_rSacteur_lat6ral 

Les  courbes  correspondent  au  rSacteur  latSral  se  prSsentent  toutes  de  la  meme  fsqon 
avec  un  temps  de  transit  (1'entrSe  et  la  sortie  ne  sont  plus  confondue^  et  une  courbe  exponentielle. 

On  le  modSlise  done  par  un  foyer  homogSne  en  sSrie  avec  un  rSacteur  piston  (Fig.  13) . 

Kotons  aussi  que  dans  ce  cas,  on  ne  trouve  aucune  diffSrence  significative  sur  les 
temps  de  sSjour  suivant  que  les  particules  employSes  viennent  : 

-  soit  du  fond  de  chambre  avec  le  dSbit  QR1+  Qe. 

-  soit  latSralement  avec  le  dSbit  Q,t. 

Ce  point,  important  au  niveau  de  la  modSlisation,  montre  done  que  l'ensemble  des  par¬ 
ticules  traverse  ce  rSacteur  avec  un  dSbit  aoyen  Qw  +  QRt  +  Qt. 

“  Mesure.?  en  aval  du  jet, 

Dans  ce  cas,  les  courbes  non  prSsentSes  ici  [18]  sont  caractSristiques  d'un  rSacteur  piston 
comportant  une  ISgSre  diffusion. 

AinBi  cet  ensemble  de  mesures  :  rSpartition  des  dibits,  fonction  de  distribution  de 
temps  de  sejour  et  valeur  moyenne  sert  8  definir  l'emplacement,  le  volume,  la  nature  et  la  rSparti¬ 
tion  des  debits  des  rSacteurs  SISmentaires  utilises  dans  la  modSlisation  ($  4.2). 

3.  ETUDE  EXPERIMENTALE  DE  LA  COMBUSTION' 

3.1  -  Moyens _ d'essais 

On  dispose  de  deux  maquettes  reprSsentant  les  chambres  de  combustion  A  et  B  (Cig.  1).  Pour  cha- 
cune  de  ces  deux  maquettes  la  repartition  des  dibits,  estimie  par  les  rapports  de  surfaces  effectives 
de  passage,  s'effectue  comme  suit. : 

-  air  primaire  28,2  Z 

-  air  de  dilution  39,2  1 

-  air  de  refroidissement  32,6  Z 

La  diffSrence  essentielle  entre  les  deux  maquuttes  reside  dans  la  geomStrie  de  la  zone  primaire. 

En  particulier,.  le  cholic  de  la  position  des  Cannes  a  prevaporisation  a  StS  optimisSe  en  fonction  de 
visualisations  en  canal  hydraulique  et  des  risultats  de  mesures  d'efficacite  de  combustion  obtenus 
pour  diffSrentes  positions  des  canneq,  par  rapport  aux  orifices  primaires. 

Les  conditions  d'essais  des  deux  maquettes 'A  et  B  sont  les  suivantes  : 

-  debit  d'air  total  .dans  le  foyer  350  g/s  «  Q  ^  700  g/s 

-  temperature  de  1'air  a  1'  entree  du  foyer  300  K  ^  Te  ^  700  K 

-  pression  8  l' interieur  du  foyer  pe  ■  1  bar 

-  richesse  global  du  foyer  lp  <  6,3 


Les  conditions  d'essai  sont  controlEes  en  temps  reel  pendant  les  essais.  Pour  divers  re¬ 
gimes  du  foyer,  et  en  diverses  positionsde  sondage  a  I'interieur  de  la  chambre  (fig.l),  on  prSleve 
les  produits  de  combustion  dans  une  petite  bouteille.  Ces  echantillons  sont  analyses  par  chromatogra- 
phie  en  phase  gazeuse.  Un  premier  chromatographe  permet  de  doser  le  gaz  carbonique  et  le  methane. 

Un  second  chromatographe  sSpare  oxyde  de  carbone,  azote  et  oxygene  tandis  qu'un  troisieme  isole  l'hy- 
drogene.  L'analyse  des  oxydes  d'azote  est  realisee  au  moyen  d'un  appareil  classique  a  chimilumines- 
cence. 

Deux  types  d 'experiences ont  ete  conduites  dans  ces  chnmbres  de  combustion.  Des  experiences 
decrivent  l'etat  du  foyer  du  point  de  vue  des  especes  chimiques  pour  un  regime  de  fonctionnement  par- 
ticulier.  Cette  sErie  d'experiences  a  ete  rSalisEedans  la  maquette  A  et  reprise  d'une  maniere  plus 
detaillee  dans  la  maquette  B.  La  seconde  serie  d'experiences  avait  pour  but  d'evaluer  le  fonctionne¬ 
ment  global  de  la  chambre  de  combustion  A.  Pour  differents  regimes  -  c'est-a-dire  differents  points 
de  fonctionnement  caracterises  par  Q,  Te  et  If  -  on  releve  des  efficacites  de  combustion,  niveaux  de 
pollution  en  des  positions  caractSristiques  a  I'interieur  du  foyer (entree  et  sortie  de  la  zone  pri- 
maire,  sortie  du  foyer) . 

3.2-  Analjr se_de_la_combus tion_a_l^interiei^_de_la_chambre 

Les  points  de  sondage  a  I'interieur  du  fover  (fig.l)  sur  toute  l'envergure  dc  celui-ci  sont 
choisis  en  fonction  des  rSsultats  des visualisations.  Ainsi  les  positions  1,  2,  3  correspondent  au  fond 
de  la  chambre,  les  points  4,5  et  6  a  l'aval  des  orifices  primaires  et  la  position  7  5  la  sortie  du 
foyer. 

Le  regime  pour  lequel  les  sondages  ont  ete  effectuEs  correspond  3  l'adaptation  de  la  cham¬ 
bre  de  combustion  A  (Q  =  530  g/s  j  Te  =  545  K  ;  If  =  0,226).  En  vue  de  comparer  les  resultats  dans 
les  chambres  A  et  B,  ce  regime  a  ete  conserve  pour  les  essais  dans  la  maquette  B. 

Les  sondages  effectues  en  fond  de  chambre  position  2ne  permettent  pas  de  dEceler  une  orga¬ 
nisation  tres  nette  de  l'Ecoulement.  L' alimentation  alternEe  des  tourbillons  occupant  cette  region 
par  le  debit  QR1  peut  expliquer  cette  absence  d'organisation.  La  richesse  y  est  toujours  plus  grande 
que  1  et  le  degrE  d'avancement  de  la  combustion  infSrieur  3  0,5. 

En  aval  de  la  zone  primaire,  le  plan  de  symetrie  du  foyer  (Y  «  0  ;  position  5)  et  le  plan 
contenant  les  axes  des  tourbillons  latSraux  (Y  •  -  15  ;  position  4  et  6)  sont  explores.  Apres  avoir 
vSrifiS  la  symEtrie  du  foyer  pour  les  positions4  et  6,  on  peut  voir  pur  la  figure  14  que  l'ecoulement  est 
maintenant  bien  organise  autour  des  jets  d'air  primaire.  En  effet,  la  periodicite  de  la  richesse  est 
la  meme  que  celle  de  l'injection  du  carburant  qui  se  situe  au  niveau  des  orifices  primaires  des  cham¬ 
bres  A  et  B.  Le  choix  du  point  de  fonctionnement  du  foyer  (lf“  0,22)  comme  Etant  le  point  d'adapta- 
tion  de  la  chambre  A  est  justifiE  par  le  fait  que  l'on  retrouve  bien  une  richesse  moyenne  proche  de  I 
3  la  sortie  de  la  zone  primaire.  On  retrouve  Egalement  que  le  debit  Qe  a  modifiS  l'adaptation  de  la 
chambre  B  puisque  la  richesse  moyenne  n'est  plus  que  0,61.  En  recalculant  les  rapports  des  dEbits  d'air 
EvaluSs  3  ce  niveau  pour  les  configurations  A  et  B,  on  obtient  "  ^  “  1 ,  48  qui  est 

de  l'ordre  du  rapport  -X4-  *  1,64  (Qp  est  le  debit  dans  un  film  de  roffoidissement  oe  la  chambre, 

Q£  dan3  celui  de  la  cdnne  et  Q  le  debit  dans  le  fond  de  la  chambre  B  -voir  modSlisation  -(#  4.2) 

Les  releves  effectues  en  position  5  (fig.  15)  donnent  des  resultats  trSs  differents  de  ceux 
de  la  position  4.  Cette  partie  du  foyer  est  ,  en  effet,  directement  alimentSe  par  la  fraction  des 
jets  primaires  non  carburSe  et  ne  recirculantpas  (QE) j  La  richesse  moyenne  n'est  plus  que  de  l'ordre 
de  0,1  pour  les  deux  chambres  A  et  B.  De  plus  la  richesse  Etant  minimale  dans  l'axe  des  jets  primai¬ 
res,  on  peut  dire  que  le  carburant  prSsent  3  cet  endroit  est  amene  par  diffusion  issue  de  tourbillons 
latSraux  et  non  par  convection  3  partir  des  orifices  primaires. 

3.3  -  Inf luence_du_regime_sur_le_fonctionnement_de_la_chambre 

Ces  expSriences  avaient  pour  but  de  determiner  1' effet  du  regime  sur  les  performances  du 
foyer  (rendement,  pollution).  Ainsi  pour  chaque  point  de  fonctionnement  du  foyer,  on  rel§ve  les  va- 
leurs  moyennes  des concentrations  sur  une  traversSe  aux  points  2,  4  et  7  de  la  maquette  A,  ce  qui  per¬ 
met  d'atteindre  le  degre  d'avancement  de  la  combustion.  Des  relevEs  du  meme  genre  ont  Sgalement  ete 
effectuSs .sur  la  maquette  B  mais  d'une  maniere  moins  systEmatique.  La  figure  16  montre  l'effet  de  la 
richesse  sur  1'inefficacitS  de  combustion.  Ces  resultats  expSrimentaux  qui  prSsentent  une  dispersion 
importante  en  raison  des  hStSrogfinSltes  3  1'intSrieur  du  foyer  sont  comparSs  aux  prSdictions  d'un  cal- 
cul  (voir  i  4.3). 

L'Svolution  des  oxydes  d'azote  en  fonction  de  la  richesse  (fig.  17)  s'interprete  assez  fa- 
cilement.  L'accroissement  du  NO  avec  la  richesse  dure  jusqu'3  unc  richesse  voisine  de  celle  de  l'adap¬ 
tation  (f  ■  0,22).  Au-del3  de  cette  valeur  NO  dberott  tandis  que  NO*,  continue  de  croitre.  Cet  accrois- 
sement  s'explique  par  l'apport  d'air  de  dilution  3  l'aval  de  la  zone  primaire  :  le  NO  continbede  s'oxy- 
der  en  NO*. 

4.  MODELE  MONODIHENS IONNEL  DE -FOYER 


4.1  -  Princige_de_la_modelisation 

Les  resultats  presentEs  et  discutEs  dans  les  paragraphes  precedents  ont  permis  des  recou- 
pements  qualitatifs  avec  les  essais  en  aSrodynamique  pure.  Dans  le  but  d' avoir  une  interpretation 
quantitative,  du  comportement  du  foyer,  une  modelisation  simple  a  EtS  entreprise.  Ce  type  de  modSlisa- 
tion  qui  consiste  a  representer  le  foyer  par  une  serie  de  foyers  elEmentaires  s'appuie  sur  l'ensemble 
des  renseignemehts  acquis  au  cours  des  visualisations,  mesures  aerodynamiques,  etc...  En  effet,  la 
discretisation  de- la  chambre  de  combustion  en  reacteurs  elEmentaires  est  facilitEe  par  les  visuali¬ 
sations  en  tunnel  hydrauiique  qui  ont  localise  les  zones  oe  recirculation.  Les  mesures  de  temps  de 
fjjour  ont  permis  de  determiner  la  nature  des  reacteurs  ElEmentaires  (homogene  oude  type  piston). 

De  meme  le  choix  de  la  repartition  des  dSbits  dans  ces  rEacteurs  est  la  consEquence  des  mesures  de 
taux  de  recirculation. 


Cette  modelisation  semi-empirique  s'appuie  sur  les  travaux  de  R.  BORGHX  [4],  Rappelons-en 
brievement  le  principe  general  :  on  represente  la  chambre  de  combustion  par  une  suite  de  reacteurs 
chimiques  de  volumes  variables.  On  peut  introduire  dans  chacun  de  ces  foyers  des  entrees  d'air  ou  de 
carburant  qui  simulent  dilution,  Cannes  a  prevaporisation...  .On  peut  calculer  les  conditions  d’en- 
tree  du  ieme  reacteur  a  l'aide  des  conditions  de  sortie  du  reacteur  (i  -  1)  et  des  conditions  de  l'a- 
limentation  en  air,  q^,  et^en  carburant  de  ce  i®Fe  reacteur.  II  suffit  d'icrire  les  bilans  ener- 

getiques  et  de  masse.  Le  ie5e  reacteur  est  caracterise  par  q.,  k-,  Te^  temperature  d'entrSe,  et  1?Jle 
volume  du  reacteur.  Le  problem!  consiste  3  determiner  le  degre  d'avancement  de  la  combustion  £pat- 
teint  dans  chacun  des  reacteurs  pour  un  temps  de  sejour  donne 


avec  ^  cji  Q  ) 


Les  phenomenes  de  combustion  et  de  pollution  dans  le  foyer  sont  schematises  par  deux  reactions 
chimiques 

K+  \>i  Oj  — ■>  V 


N/a  1  04  — >  *2  WO 


Les  lois  de  production  utilisees  dans  le  calcul  sont  : 

-  pour  la  rlaction  energStique  [30]  : 

et  W1=  0,3.  T& 

L'accroissement  de  temperature  provoque  par  la  combustion  est  egal  3  : 

T.-T,  .  A3  5 

ou  t  =  dn.,5  -  m.t e,  +  .4»-9  ( 

°  A*  Q 

et  A^Q=  4/  5  "3  /  rmok, 

Cj,  =  iooo  MKS 

-  pour  la  reaction  de  pollution  (mScanisme  de  Zeldovitch) 

6  p  (-  ^r2-) 

AaQ  =  -  AO  3 / /rng(c 

La  mSthode  de  calcul  de  l  et  des  produits  polluants  est  indiquee  par  R.  BORGHI  dans  [  4  ]. 

4.2  -  Agglication_aux_foj;ers_etudi|s 

L' ensemble  des  experiences  en  air  froid  et  en  tunnel  hydrodynamique  conduit  3  un  modble 
different  pour  chaque  chambre  A  ou  B.  Ces  modeles  sont  decrits  figure  18  pour  l’emplacement  des  re¬ 
acteurs  et  figure  19  pour  la  repartition  des  debits. 

La  zone  primaire  de  la  maquette  A  est  divisee  en  trois  reacteurs  elementaires .  Le  dibit  d'air 
primaire  Qj  se  partage  comme  suit  : 

-  qui  alimente  le  reacteur  1  (celui-ci  recevant  de  plus  le  carburant) 

-  Qt»j.qui  constitue  une  partie  du  debit  total  Q' alimentant  le  rlacteur  3  (Q1*,  "  Q*t  +  Qr)  • 

-  Qp  qui  r.e  participe  pas  3  la  recirculation  dans  la  zone  primaire  va  directement  dans  le 
reacteur  4, 

Ce  reacteur  4  constitue  le  premier  elSment  de  la  zone  de  dilution.  II  reqoit  un  dibit 
Qp  +  Qi/2+  Qr  (Qjt  debit  total  de  l'air  de  dilution).  Le  reacteur  5,  deuxiSme  lllment  de  la  zone  de 
dilution  reqoit  Qj  li.  *  Qf  tandis  que  le  reacteur  piston  6  nfest  plus  alimente  que  par  le  dernier 
film  de  refroidissement.  Les  resultats  des  mesures  de  temps  de  sejour  (fig. 8)  justifient  l'assimila- 
tion  du  reacteur  6  3  un  reacteur  piston.  ;  _ 

Le  choix  de  QR4  ayant  It!  dltermine  par  les  mesures  de  Qgj,restait  3  definir.  Un 

taux  de  recirculation  global'  T  a  5illS!s»a  gtg  evalul  indirectement  lors  des  essais  avec  combustion. 

Q/itQr 

Cette  methode  basee  sur  la  propridte.  de  l'eau  de  rlduire  les  oxydes  d' azote  dans  une  chambre  de  com¬ 
bustion  est  exposle  dans  [  l 9] .  La  valeur  de  ^  retenue  pour  la  modelisation  est  6,7  tandis  que  ^'“O, 36. 

Cette  valeur  ,<5=  0,7  est  compatible  avec  celle  de  M estimle  pour  Qc/Q]  «  0  (fig. 7),  Les  vo- 

-Qh 

lumes  sont  ddduits.de  la  rlpartitioh  du  debit  et  des  temps  de  sljour  mesures. 

La  modelisation  de  la  chambre  B. est  plus  complexe.  La  presence  des  Cannes  modifie  non  seu- 
lement  les  debits  QR1 ,  Qju.  et  Qp  mais  aussi  la  disposition  et  la  natuire  des  rlacteurs  dans  la  zone 
primaire.  Le  reacteur  piston. I  et  le  rlacteur  homogene  2  simulent  le  fond  da  la  chambre.  Le  reacteur 
1  est  traverse  par  Qc,  dibit  canne,  augments  de  la  fraction  Tf  de  QM  (\  f*l/3)  et  du  carburant.  Le 
reacteur  2  regbit  Q$  +  Q$c  et  la  fraction  (i  -IT  )' de  QRj,  Le  debit’  alimentant  ,3. est  constitue  de 
Q'ri  =  Q  ri  +  Qf*  Ce  reacteur  est  suiyi  d’iin  reacteur  piston  4.. Les  reacteurs  suivants  sont  identiques 
3  ceux  de  la  chambre  A. 

Cependant,  cette  modelisation  retenue  pour  I'etude  de  la  combustion  presente  des  differences 
par  rapport  3  la  modelisation  originelle  sans  combustion,  en  plus  de  la  presence  des  debits  ,  Q#&et 
Q  p;  Ainsi,  on  n'a.  pas  pas  tenu  compte  du  debit  entrain!  (i  (  Qc+  H  (?«y)  dans  le  reacteur  1  (  p>  =  1/6 
d'apres  les  mesures  de  temps  de  sejour).  De  plus,  dans  la  modelisation  avec  combustion,  on  a  simpli- 


fii  la  repartition  deS  debits  en  fixant  1^=  1.  En  fait,  pour  prendre  en  compte  la  valeur  reelleY”  0,6, 
il  suffit  de  choisir  les  volumes  des  reacteurs  1  et  2  en  record  avec  les  temps  de  sejoui  mesures  ef- 
fectivement  pour  •  0,6. 

II  est  possible  de  retrouver  la  fonction  de  transfert  qui  calcule  la  distribution  des  temps 
de  sijour  en  aerodynamique  pure  dans  le  foyer  A  2  I'aide  d'une  modelisation  different  ligerement  de 
celle  avec  combustion  (fig.  19): 

-  un  reacteur  fictif  siraule  la  constante  de  temps  des  fils  de  chauffage  utilises  pour  la 
mesure  des  temps  de  sejour  (§  2.4.1). 

-  le  reacteur  1  -  2  remplace  les  reacteurs  1  et  2  du  cas  avec  combustion. 

-  le  reacteur  3  est  suivi  maintenant  d'ur.  reacteur  piston  3' 

-  le  reacteur  piston  4'  reqoit  le  dibit  Qp  qui,  dans  le  cas  avec  combustion,  alimentait 

sans  intermediaire  la  zone  de  dilution.  ; 

Les  risultats  du  calcul  sont  compares  aux  experiences  effectuees  2  la  sortie  de  la  zone 
primaire  (fig.  20)  :  l'accord  satisfaisant  demontre  que  le^ecoupagefc  la  zone  primaire  en  foyers  ili- 
mentaires  peut  representer  la  chambre  de  combustion  A. 

4.3  Resultats_des_calculs 

L' Stude  de  la  stabilite  du  foyer  a  ete  entreprise  avec  les  modeles  de  chambre  A  et  B  et 
les  risultats  numeriques  et  expirimentaux  sont  compares  sur  la  figure  21.  L’accord  pour  le  foyer  A 
est  bon  mais  un  peu  moins  satisfaisant  pour  B  quoique  la  tendance  soit  correctement  pridite  (richesse 
limite  d' extinction  pauvre  pratiquement  constante  avec  le  regime).  Ceci  constitue  une  nouvelle  justi¬ 
fication  a  posteriori  des  modeiisations  retenues.  En  effet,  ce  sont  les  reacteurs  numerotes  1  dans  la 

modelisation  da  la  figure  19  (reacteur  homogSne  pour  A  et  piston  pour  B)  qui  conditionnent  ces  lirni- 
tes  d'extinction.  De  plus,  l'utilisation  des  valeurs  Qm  et  Qc  +11  Qm  ,  trouvies  lors  des  essais  2 
froid,  comme  debits  alimentant  les  reacteurs  1  de  A  et  B  n'est  pas  irrialiste. 

La  prediction  des  performances  globales  du  foyer  est  donni  figure  16  pour  ce  qui  concerne 
l’influence  de  Ip  sur  l'efficacitd  de  combustion  2  l'entr6e,  sortie  de  la  zone  primaire  et  sortie  du 
foyer.  Dans  ces  deux  cas  de  chambre  de  combustion,  on  constate  un  bon  accord  pour  1 'entree  de  la  zone 
primaire.  Les  risultats  sont  moins  satisfaisants  en  sortie  de  la  zone  primaire.  La  modelisation  de  la 
chambre  B  qui  est  pourtant  plus  fine  que  celle  utilisie  pour  A  (pas  de  riacteur  piston  en  sortie  du 
rdacteur  3)  ne  donne  pas  des  risultats  meilleurs.  La  raison  de  cette  dispersion  doit  etre  cherchde  au 
niveau  des  hypotheses  introduites  pour  les  reactions  chimiques.  Ces  hypotheses  sont  insuffisantes 
pour  pridire  mieux  que  des  tendances.  Ceci  est  encore  plus  net  pour  la  prediction  des  oxydes  d' azote 
(fig.  17)  ou  le  micanisme  de  Zeldovitch  ne  peut  prendre  en  compte  la  formation  des  oxydes  d' azote  2 
faible  richesse.  Malgrd  ce  difaut,  qui  pourra  etre  61imin6  par  introduction  d'une  cinitique  chimique 
plus  complete  et  realiste,  la  technique  de  moddlisation  adoptde  permet  de  reproduire  fidSlement  les 
tendances  de  comportement  de  chambre  de  combustion  de  types  differents.  Ainsi  1' amelioration  de  per¬ 
formances  en  passant  de  A  2  B  est  bien  rendue  par  cette  modelisation  au  prix  d'un  calcul  simple  et 
d'hypothSses  limitdes  itayees  par  des  experiences. 

5.  CONCLUSION 


Dans  le  but  de  valider  un  modele  particuliSrment  simple  de  chambre  de  combustion  ,  deux  en¬ 
sembles  d' experiences  ont  etd  conduits  sur  des  maquettes  schimatiques  fcnctionnant  avec  ou  sans  com¬ 
bustion.  les  principaux  rdsultats  sont  les  suivants  : 

Les  visualisations  hydrodynamiques  compldtees  ensuite  par  les  cartographies  de  vitesse 
ont  conduit  2  une  description  relativement  fine  de  1 I aerodynamique  dans  la  zone  primaire.  En  parti¬ 
cular,  on  a  mis  en  evidence  le  double  systeme  tourbillonnaire  alimentant  la  zone  primaire  d'une  part 
en  fond  de  chambre,  d'autre  part  iatiraleraent.  La  repartition  du  dibit  primaire  dans  les  differentes 
zones  a  pu  etre  ivaluie  ainsi  que  1' influence  de  divers  paramStres  (angle  de  jets,  debit  et  position 
des  caunes  2  prevaporisation) . 

Ces  mesures  ont  ete  complities,  toujours  2  froid,  par  dec  mesures,  en  tout  point  de  la  cham¬ 
bre,  de  fonction  de  repartition  des  temps  de  sijour  obtenus  par  diverses  techniques. 

La  comparaison  avec  les  essais  en  combustion  a  iti  effectuee  en  estimant  dans  ce  cas  le 
dibit  recircule  ainsi  que  de  nombreux  pril§vements  (NO,  NOj,  CO,  CO2,  N2,  O2)  en  divers  points  choisis  en 
fonction  de  1'airodynamique.  Dans  ce  dernier  cas  aussi,  on  a  pu  ivaluer  1'ivolution  des  performances 
du  foyer  avec  le  rigime. 

Le  modele  monodimensionnel  utilisi,  qui  diffire  par  certains  points  des  schemas  habituelle- 
ment  employes,  a  done  iti  ilabore  2  partir  de  ces  diverses  donnies  expirimentales .  Le  modele  permet 
aussi  de  calculer  les  performances  globales  du  foyer  ainsi  que  les  fonctions  de  distribution  de  temps 
de  sijour  en  sortie  de  riacteurs  ilimentaires.  Bien  que  le  modSle  utilisi  soit  volontairement  simpli- 
fie,  en  particulier  pour  1'airodynamique  (il  ne  prend  pas  en  compte  tous  les  risultats  obtenus  en  par- 
ticulier  le  taux  de  dibit  entraine)  et  la  chimie  (oxydes  de  carbone  et  NO  pricoce) ,  les  risultats  ob¬ 
tenus  sont  en  bon  accord.  Ceperidant,  une  telle  modilisation  s'est  appuyie  sur  l'analyse  de  l'icoule- 
ment  faite  au  prialable.  Il  est  probable  que  pour  itudier  une  autre  chambre,  il  faudrait  refaire  cette 
itude  ;  en  particulier,  la  prisence  d'injecteurs  airodynamiques  ("swirle'r")  changerait  la  dynamique 
des  gaz.  Pour  s'affranchir  de  cette  analyse  airodynamique,  il  faut  fairs  des  calculs  tridimensionnels 
beaucoup  plus  compliquis  tels  que  ceux  actuellement  diveloppis  2  l'ONERA  [  11  ]. 
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QR2  •'  DSbit  recircule  lateralement 

Qp  :  Debit  allant  directement  vers  la  dilution  Fig’  5  -  Direction  de  la  vitesse  dans  la  zone  primaire 


Qc  :  Debit  des  Cannes 


Fig.  4  -  Repartition  des  dSbits  dans  ‘la  zone  primaire 


Fig.  6  -  Mesure  du  dSbit  recircule  QRj 
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Fig.  19-  Modelisation  monodimensionnelle.  Repartition  des  debits 


DISCUSSION 


D.C.Dryburgh,  US 

I  would  like  to  link  this  paper  with  Professor  Odgers’  paper  and  the  remarks  I  was  making  in  defence  of  complex 
models.  I  was  very  delighted  by  these  beautiful  flow  visualisations.  The  remark  I  would  really  like  to  make,  is  that 
if  you  have  got  a  good  aerodynamic  model  that  will  reproduce  these  results  you  can  use  that  modei  to  quantify  the 
pictures  that  we  got.  We  saw,  that  when  you  injected  the  dye  into  different  points  in  a  particular  hole  the  flow 
went  in  different  places;  it  behaves  in  completely  different  ways.  If  you  can  simulate  that  in  a  model  and  store 
the  results  you  can  do  all  sorts  of  things  with  such  results.  You  can  use  it  to  predict  your  residence  times,  to  fit  in 
to  the  other  plug  flow  and  mixed  reactors  that  you  used.  You  can  use  a  complex  model  as  a  starting  point  for  all 
sorts  of  calculations.  You  can  do  the  flow  visualisation  in  great  detail.  If  you  have  got  the  right  sort  of  computor 
display  facilities,  you  can  look  at  your  film  from  different  points  of  view  and  use  it  to  give  people  a  good  under¬ 
standing  of  what  is  going  on  in  the  combustion  chamber.  It  is  one  of  the  great  attraction  of  a  complex  flow  model. 
The  other  statement  I  would  like  to  point  out  is  that  these  models  very  often  have  to  be  done  cold.  Our  experience 
has  been  that  although  the  flow  may  not  appear  to  change  very  greatly,  when  you  light  up  a  flame,  there  are  some 
quite  important  changes  which  you  obviously  cannot  predict  by  any  flow  visualisation  techniques.  So,  I  feel  there 
are  limitations  to  the  use  of  water  analogy. 

Reponse  d’Auteur 

Nous  n’avons  pas  pu  presenter  dans  le  detail  les  techniques  exp^rimentales  de  visualisation.  Le  film  presents  est 
qualitatif,  mais  comme  vous  avez  pu  voir,  nous  tentons  aussi  de  faire  de  la  visualisation  quantitative.  Pour  chaque 
film  r6alis6  nous  disposons  d’enregistrements  sur  magnetoscope  des  images  video,  qui  sont  ensuite  traitees  par 
ordinateur.  On  peut  alors  obtenir  soit  des  mesures  de  temps  de  sejour  par  suivi  de  particules,  par  colorimdtrie.  II 
est  aussi  prdvu  de  faire  de  la  trajectographie. 

Nous  pensons  effectivement  qu’il  n’est  pas  possible  de  montrer  l’influence  de  la  combustion.  Malgrd  tout,  les  simula¬ 
tions  &  froid  montrenl,  dans  un  premier  temps  et  de  manidre  qualitative,  la  configuration  de  recoupment.  Et 
d’aprds  notre  experience  il  n’y  a  pas  de  difference  fondamentale  (toujours  d’un  point  de  vue  qualitatif)  entre  les  cas 
avec  ou  sans  combustion. 


'.V.Krockow,  Ge 

Can  you  please  comment  on  the  possible  wall  influence  on  the  residence  time  distribution  you  measured? 

Reponse  d’Auteur 

Les  rdsultats  presentes  sont  obtenus  sur  une  demi-maquette.  Avant  d’effecter  des  mesures  sur  cette  demi-maquette, 
deux  series  de  tests  on  dtd  effectues: 

-  comparaison,  sur  une  maquette  complete  et  une  demi-maquette,  des  modules  et  direction  des  vitesses  moyennes 
dans  la  zone  primaire.  Nous  n’avons  pas  vu  de  difference  fondamentale. 

-  comparaison  egalement  sur  les  mesures  de  temps  de  sejour  moyen  et  de  la  fonction  distribution  de  ces  temps  de 
sejour.  La  aussi  pas  de  difference  notable  entre  les  deux  experiences. 

Par  centre  les  mecanismes  d’interaction  entre  jets  (battements)  peuvent  etre  modifies  selon  qu’ils  sont  etudies  dans 
une  demi  chambre  ou  une  chambre  complete. 
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